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Description 



INFRARED SENSOR IC, AND INFRARED SENSOR AND MANUFACTURING 
METHOD THEREOF 

Technical Field 
[0001] 

The present invention relates to the field of 
infrared detection, particularly to the technical field 
of infrared sensors, human sensors, for example, that 
detect radiated energy in a long wavelength band. 

Background Art 
[0002] 

Generally, there are thermal type infrared sensors 
(e.g., pyroelectric elements or thermopiles) that employ 
temperature changes generated by the absorption of 
infrared energy, and quantum type infrared • sensors that 
employ changes in conductivity, or in electromotive force, 
that are generated by electrons excited by incident light 
energy. The thermal type, however, which can be operated 
at room temperature, has disadvantages in that it has no 
wavelength dependency and a low sensitivity and in that 
its response speed is low. On the other hand, t he quantum 
type, although it must be cooled to a low temperature, has 
characteristics such. as wavelength dependency and high 
sensitivity and a response speed that is high. 



[0003] 

Typical examples for the use of infrared sensors are 
as human sensors that can detect human beings and that can 
automatically turn on or off home electrical appliances, 
such as lights, air conditioners or TVs, and as 
surveillance sensors used for security. Recently, very 
much attention has been drawn to infrared sensors because 
of a desire to save energy and to use them for. home 
automation, security systems, etc. 
[0004] 

An infrared sensor currently used as a human sensor 
is a pyroelectric infrared sensor that employs 
pyroelectric effects. As described in non-patent 
document 1, a pyroelectric infrared sensor is easily 
■ affected by electromagnetic noise and thermal fluctuation, 
because the impedance of a pyroelectric element is 
extremely high. Therefore, a shield such as a metal Can 
package is required. In addition, a large R or C is 
necessary for an I-V conversion circuit, so that a 
reduction in size is difficult. 
[0005] 

On the other hand, for a quantum infrared sensor, 
HgCdTe (MCT) or an InSb material has been used as a typical 
material . When MCT or the InSb material is used, the sensor 
must be cooled using liquid nitrogen or liquid helium, or 
by using electronic cooling that employs the Peltier effect, 
etc. Generally, with a quantum infrared sensor that is 



cooled, a high sensitivity 100 times or more that of a 
pyroelectric sensor can be obtained. Furthermore, the 
device resistance is small, i.e.,* several tens to several 
hundreds Q, and is not easily affected by electromagnetic 
noise and thermal fluctuation. It should be noted, 
however, that a strong metal package is used in order for 
it to be cooled to a low temperature. 
[0006] 

Moreover, since an MCT sensor provides the highest 
sensitivity of all the quantum infrared sensors, the Hg 
vapor pressure used for this sensor is high. Therefore, 
the control and the reproduction of the composition for 
crystal growth are difficult, and a uniform film is not 
easily obtained. In addition, during the element 
production process, the mechanical strength is low, and 
Hg diffusion or leakage problems have arisen. 
[0007] 

For the InSb material, a mixed crystal of InAs x Sbi_ x 
has been studied in consonance with a wavelength to be 
detected. For example, use of a method (see patent 
document 1) has been attempted whereby an InSb substrate 
is used, and one part of the InSb is replaced with As to 
obtain an epitaxial growth on the substrate. 
[0008] 

Further, a monolithic structure ( see patent document 
2) has been proposed wherein an infrared sensor is grown 
on a base member in which a reader and a signal processing 



circuit are integrated. However, use of the technique 
whereby a compound semiconductor thin film, which is an 
infrared sensor, is grown on a signal processing circuit 
is extremely difficult, and a film having a quality that 
makes it available for use as a practical device is not 
easily obtained. In addition, a problem encountered is 
that heat generated by activating the signal processing 
circuit becomes thermal fluctuation noise, and provides 
an error signal for an infrared sensor that is 
monolithically formed on the signal processing circuit. 
Therefore, in order to suppress the affect of this thermal 
fluctuation, the entire sensor must be cooled using liquid 
nitrogen, etc. Such a cooling method is not appropriate 
for a human sensing application that is to be used for 
common home electrical appliances and lights. 
[0009] 

Patent Document 1: Japanese Patent Application 
Laid-Open No. Sho 53-58791 

Patent Document 2: Japanese Patent Application 
Laid-Open No. Hei 2-502326 

Non-patent Document 1: Kunihiko Matsui , "Practical 
Guidance for Sensor Uses 141", CQ Publisher, May 20, 2001, 
page 56 

Non-patent Document 2: A . G . Thompson and J.C. 
Woolley, Can. J. Phys . , 45, 255 (1967) 



Disclosure of the Invention 



[0010] 

The objective of the present invention is to provide 
an infrared sensor IC and an infrared sensor, that can be 
operated at room temperature and are not easily affected 
by electromagnetic noise and thermal fluctuation, and are 
subminiature, and a manufacturing method thereof. 
[0011] 

To achieve this objective, the present inventors 
found that detection at room temperature can be enabled 
through hybrid formation of a single package that includes 
a compound semiconductor sensor, which has a small device 
resistance, and an integrated circuit, which processes 
electric signals output by the compound semiconductor 
sensor. Thus, the present inventors provide this 
invention. Further, the present inventors found that one 
characteristic of an infrared sensor prepared in 
accordance with one mode of this invention is that the 
sensor is not easily affected by electromagnetic noise and 
thermal fluctuation. In addition, since the compound 
semiconductor sensor of an infrared sensor IC of one mode 
of this invention has a small device resistance, the R and 
C of a signal processing circuit, output by the compound 
semiconductor sensor, can be lowered, so that when a sensor 
module is formed, the size of the IC can be reduced. 
[0012] 

Furthermore, for the infrared sensor IC according to 
the mode of the invention, since an infrared sensor and 
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an integrated circuit can be separately produced, 
appropriate device processes can be performed. And in 
addition, since the infrared sensor and the integrated 
circuit are arranged using hybrid formation, they are not 
easily affected by heat generated by the integrated circuit, 
which is a problem for a monolithic structure. Therefore, 
as a characteristic, the infrared sensor IC according to 
the mode of the invention need not be cooled. 
[0013] 

That is, an infrared sensor IC comprises a compound 
semiconductor sensor, having a compound semiconductor 
including indium and antimony, and detecting an infrared 
radiation by the compound semiconductor to output an 
electric signal indicating the detection; and an 
integrated circuit processing said electric signal output 
by the compound semiconductor sensor to perform a 
predetermined operation, wherein the compound 
semiconductor sensor and the integrated circuit are 
arranged in a single package in a hybrid manner. 
[0014] 

In addition to the infrared sensor IC of the first 
mode of the invention, an infrared sensor IC according to 
a second mode of the present invention is characterized 
in that the compound semiconductor sensor comprises a 
substrate; a compound semiconductor layer that is formed 
on the substrate with a buffer layer which is a layer for 
relaxing a lattice mismatch, the buffer layer being 



sandwiched between the compound semiconductor layer and 
the substrate . The buffer layer may be one of AlSb, AlGaSb, 
AlGaAsSb, AllnSb, GalnAsSb, and AlInAsSb. 
[0015] 

In addition to the infrared sensor IC according to 
the first and second modes of the invention, an infrared 
sensor IC according to a third mode of the invention is 
characterized in that the compound semiconductor layer is 
formed of a single first compound semiconductor layer, and 
the first compound semiconductor layer is one of InSb, 
InAsSb, InSbBi, InAsSbBi, InTlSb, InTlAsSb, InSbN and 
InAsSbN, In this case, the first compound semiconductor 
layer may be p-type doped. 
[0016] 

In addition to the infrared sensor IC for the first 
and second modes of the invention, an infrared sensor IC 
according to a fourth mode of the invention is 
characterized in that the compound semiconductor layer 
comprises a second compound semiconductor layer that is 
a material including indium and antimony; and a third 
compound semiconductor layer that is formed on the second 
compound semiconductor layer, so as to be hetero junction 
with the second compound semiconductor layer, and that is 
a material that includes antimony and differs from that 
of the second compound semiconductor layer. In this case, 
a combination of the third compound semiconductor 
layer/the second compound semiconductor layer is one of 
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GaSb/InSb, GalnSb/InSb, InSb/InAsSb, GaSb/InAsSb and 
GalnSb/InAsSb. Further, both the second compound 
semiconductor layer and the third compound semiconductor 
layer, or only the third compound semiconductor layer may 
be p-type doped. 
[0017] 

In addition to the infrared sensor IC for the first 
and second modes of the invention, an infrared sensor IC 
according to a fifth mode of the invention is characterized 
in that the compound semiconductor layer comprises a fourth 
compound semiconductor layer that is a material including 
at least one of indium or antimony; and a fifth compound 
semiconductor layer that is formed on the fourth compound 
semiconductor layer, so as to be hetero j unctional with the 
fourth compound semiconductor layer, and that is a material 
including at least one of indium or antimony and differs 
from that of the fourth compound semiconductor layer, 
wherein the fourth compound semiconductor layer and the 
fifth compound semiconductor layer form a superlattice 
structure, periodically stacked. In this case, a 
combination of the fifth compound semiconductor layer/the 
fourth compound semiconductor layer may be one of InAs/GaSb, 
InAs/GalnSb, InAs/GaAsSb, InAsSb/GaSb, InAsSb/GaAsSb and 
InAsSb/GalnSb. 
[0018] 

In addition to the infrared sensor IC for the first 
and second modes of the invention, an infrared sensor IC 



according to a sixth mode of the invention is characterized 
in that the compound semiconductor layer is a p-n 
junctional stacked layers comprising a compound 
semiconductor layer which is an n-type doped material 
including indium and antimony, and a compound 
semiconductor layer which is a p-type doped material 
including indium and antimony. In this case, the stacked 
layers is a p-n junctional stacked layers which is one of 
a p-type doped InSb/an n-type doped InSb, a p-type doped 
InSb/a p-type doped InAsSb/an n-type doped InSb, a p-type 
doped GalnSb/a p-type doped InAsSb/an n-type doped GalnSb, 
and a p-type doped GalnSb/a p-type doped InSb/an n-type 
doped GalnSb. 
[0019] 

An infrared sensor according to a seventh mode of the 
present invention comprises a substrate; and a compound 
semiconductor stacked layers formed on said substrate by 
stacking a plurality of compound semiconductor layers, the 
compound semiconductor stacked layers comprising a sixth 
compound semiconductor layer, formed on the substrate, 
that is an n-type doped material including indium and 
antimony; a seventh compound semiconductor layer, formed 
on the sixth compound semiconductor layer, that is a 
non-doped or p-type doped material including indium and 
antimony; and an eighth compound semiconductor layer, 
formed on the seventh compound semiconductor layer, that 
is a material that is p-doped at a higher carrier density 
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than the seventh compound semiconductor layer and has a 
larger band gap than the seventh compound semiconductor 
layer . The sixth compound semiconductor layer may be InSb, 
the seventh compound semiconductor layer may be one of InSb, 
InAsSb and InSbN, and the eighth compound semiconductor 
layer may be either AllnSb or GalnSb, or one of AlAs, InAs, 
GaAs , AlSb and GaSb, or a mixed crystal of them. Further, 
an n-type dopant for the sixth compound semiconductor layer 
may be Sn, and a p-type dopant for the seventh compound 
semiconductor layer and the eighth compound semiconductor 
layer may be Zn. 
[0020] 

Further, the compound semiconductor stacked layers 
can further comprise a ninth compound semiconductor layer, 
which is formed on the eighth compound semiconductor layer 
and which is a material including indium and antimony and 
is p-type doped at a carrier density equal to or greater 
than the carrier density of the eighth compound 
semiconductor layer. The ninth compound semiconductor 
layer may be InSb. 
[0021] 

Moreover, the substrate may be a semi-insulating 
substrate, or a substrate such that said sixth compound 
semiconductor layer formed on said substrate can be 
insulated from said substrate, and the infrared sensor 
further can comprise a first electrode that is formed in 
an area of the sixth compound semiconductor layer where 
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the seventh semiconductor layer is not formed; and a second 
electrode that is formed in an area on the eighth compound 
semiconductor layer. It should be noted that "formed in 
an area on the eighth compound semiconductor layer" means 
that the second electrode is located spatially above the 
eighth compound semiconductor layer. That is, the 
location of the second electrode is not limited to one 
immediately on the eighth compound semiconductor layer. 
A case wherein another layer (e.g., the ninth compound 
semiconductor layer) is formed on the eighth compound 
semiconductor layer, and the second electrode is formed 
on this layer is also included. In this case, a plurality 
of the compound semiconductor stacked layerss are 
contiguously formed on the substrate, so that a first 
electrode, formed on a compound semiconductor stacked 
layers, is connected in series to a second electrode, 
formed on a compound semiconductor stacked layers adjacent 
to the compound semiconductor stacked layers on which the 
first electrode is formed. 
[0022] 

According to a seventh mode of the present invention, 
when an output signal is measured, a bias between the first 
and the second electrodes is set to zero, and a signal when 
an infrared radiation enters is read as an open circuit 
voltage . 
[0023] 

An infrared sensor IC according to an eighth mode of 
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the present invention comprises an infrared sensor 
according to the seventh mode of the invention; and an 
integrated circuit processing the electric signal output 
by the infrared sensor to perform a predetermined operation, 
wherein the infrared sensor and the integrated circuit are 
arranged in a single package in a hybrid manner. 
[0024] 

An infrared sensor manufacturing method according to 
a ninth mode of the present invention comprises the steps 
of: forming, on a substrate, a sixth compound semiconductor 
layer that is an n-type material including indium and 
antimony; forming, on the sixth compound semiconductor 
layer, a seventh compound semiconductor layer that is a 
non-doped or p-doped material including indium and 
antimony; and forming, on the seventh compound 
semiconductor layer, an eighth compound semiconductor 
layer that is a material that is p-type doped at a higher 
carrier density than the seventh compound semiconductor 
layer and has a larger band gap than the seventh compound 
semiconductor layer. The sixth compound semiconductor 
layer may be InSb, the seventh compound semiconductor layer 
may be one of InSb, InAsSb and InSbN, and the eighth 
compound semiconductor layer may be either AllnSb or GalnSb, 
or one of AlAs, InAs, GaAs, AlSb and GaSb, or a mixed crystal 
of those . Further, an n-type dopant for the sixth compound 
semiconductor layer may be Sn, and a p-type dopant for the 
seventh compound semiconductor layer and the eighth 
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compound semiconductor layer may be Zn. 
[0025] 

The manufacturing method further comprises a step of 
forming, on the eighth compound semiconductor layer, a 
ninth compound semiconductor layer including indium and 
antimony and is p-type doped at a carrier density equal 
to or greater than the eighth compound semiconductor layer. 

In this case, the ninth compound semiconductor layer may 
be InSb. Further, a p-type dopant for the ninth compound 
semiconductor layer may be Zn. 
[0026] 

Since a subminiature human sensor that can be 
operated at room temperature can be provided by employing 
the infrared sensor IC for one mode of the invention, this 
sensor can be easily mounted on a home electrical appliance 
for which the mounting of a sensor is conventionally 
difficult . According to the infrared sensor IC of the mode 
of this invention, by hybrid formation with the integrated 
circuit, a quantum infrared sensor, for which cooling is 
conventionally required and wherein a compound 
semiconductor that is practically used only for 
measurement is provided, can be operated at room 
temperature. Furthermore, by utilizing a characteristic 
that ensures a compound semiconductor device having a low 
device resistance is not easily affected by 
electromagnetic noise and thermal fluctuation, a small and 
inexpensive human sensor can be provided. When the 
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infrared sensor IC according to the mode of the invention 
is used, a large energy saving for home electronics and 
office electronics can be achieved, and the energy and 
environment values are incalculable. 
Brief Description of the Drawings 
[0027] 

Fig. 1 is a perspective view of an example infrared 
sensor IC according to a first mode of the present 
invention; 

Fig. 2 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
to a third mode of the present invention; 

Fig. 3 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
to a fourth mode of the present invention; 

Fig. 4 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
to a fifth mode of the present invention; 

Fig. 5 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
to a sixth mode of the present invention; 

Fig. 6 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
to a second mode of the present invention; 

Fig. 7 is a cross-sectional view of the electrode 
structure (photo conductive type) of the compound 
semiconductor sensor of the infrared sensor IC according 
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to the third mode of the present invention; 

Fig. 8 is a cross-sectional view of the electrode 
structure (photovoltaic type) of the compound 
semiconductor sensor of the infrared sensor IC according 
to the sixth mode of the present invention; 

Fig. 9 is a perspective view of another infrared 
sensor IC according to the first mode of the present 
invention; 

Fig. 10 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
to a seventh mode of the present invention; 

Fig. 11 is a diagram showing the energy band of the 
compound semiconductor infrared sensor according to the 
seventh mode of the present invention; 

Fig. 12 is a cross-sectional view of another example 
compound semiconductor sensor for the infrared sensor IC 
according to the seventh mode of the present invention; 

Fig. 13 is a cross-sectional view, of one part of the 
compound semiconductor sensor, wherein a plurality of unit 
elements of the infrared sensor IC of the seventh mode of 
the present invention are connected in series; 

Fig. 14 is a top view of one example compound 
semiconductor sensor wherein a plurality of unit elements 
of the infrared sensor IC of the seventh mode of the present 
invention are connected in series; 

Fig. 15 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
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to a seventh embodiment of the present invention; 

Fig. 16 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
to an eighth embodiment of the present invention; 

Fig. 17 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
to a ninth embodiment of the present invention; 

Fig. 18 is a cross-sectional view of one part of the 
compound semiconductor sensor of an infrared sensor IC 
according to a tenth embodiment of the present invention; 

Fig. 19 is a cross-sectional view of one part of the 
compound semiconductor sensor of an infrared sensor IC 
according to an eleventh embodiment of the present 
invention; 

Fig. 20 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
to a twelfth embodiment of the present invention; 

Fig. 21 is a cross-sectional view of the compound 
semiconductor sensor of an infrared sensor IC according 
to a thirteenth embodiment of the present invention; 

Fig. 22 is a diagram showing a comparison of voltages 
output by the compound semiconductor sensors in the seventh 
to ninth, twelfth and thirteenth embodiments of the present 
invention; 

Fig. 23 is a diagram showing a comparison of 
saturation currents for the compound semiconductor sensors 
in the ninth, twelfth and thirteenth embodiments of the 
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present invention; 

Fig. 24 is a diagram showing a comparison of photo 
currents for the compound semiconductor sensors in the 
ninth, twelfth and thirteenth embodiments of the present 
invention; 

Fig. 25 is a cross-sectional view of one part of the 
compound semiconductor sensor of an infrared sensor IC 
according to a fourteenth embodiment of the present 
invention; and 

Fig. 26 is a cross-sectional view of an infrared 
sensor IC according to an eighth mode of the present 
invention and a fifteenth embodiment of the present 
invention. 

Best Modes for Carrying Out the Invention 
[0028] 

The present invention will now be specifically 
described while referring to the drawings. In the 
following drawings, the same reference numerals are 
provided for components having the same functions, and 
explanations for them will not be repeated. 
[0029] 

Fig. 1 is a schematic diagram showing an infrared 
sensor IC according to one mode of the present invention. 
In Fig. 1, reference numeral 1 denotes a printed board (or 
a lead frame) ; reference numeral 2, a compound 
semiconductor sensor; reference numeral 3, an integrated 
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circuit; and reference numeral 4a, a lead electrode, formed 
on the printed board 1. Electrodes 13 of the compound 
semiconductor sensor 2 and the integrated circuit 3, and 
the electrode 13 of the integrated circuit 3 and the lead 
electrode 4a are connected by wire bonding 4b, respectively. 
Reference numeral 5 denotes a package cover. That is, the 
compound semiconductor sensor 2 and the integrated circuit 
3 are provided (arranged) on the printed board 1 using 
hybrid formation. 
[0030] 

In the mode of the present invention, the "compound 
semiconductor sensor" is means for detecting an incident 
infrared radiation, and for outputting the detection 
results as an electric signal, i.e., an infrared sensor. 
Further, the "integrated circuit" is a circuit wherein a 
plurality of circuit elements are formed on a substrate 
or in a substrate, and means for processing an infrared 
detection signal (electric signal) output by the compound 
semiconductor sensor to perform a predetermined operation . 
In addition, the term "hybrid formation (formed in the 
hybrid manner ) " means that elements, such as the integrated 
circuit and the compound semiconductor sensor, are 
separately mounted and are electrically connected 
together . 
[0031] 

Generally, so long as a single crystal grows, an 
arbitrary substrate can be used to form the compound 
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semiconductor sensor of the infrared sensor IC for this 
mode of the invention. A monocrystal substrate, such as 
a GaAs substrate or an Si substrate, is preferably used. 
Further, the monocrystal substrate may be an n-type doped 
or a p-type doped using donor impurities or acceptor 
impurities. In addition, when monocrystal has grown on 
the insulating substrate, the compound semiconductor 
sensor may be adhered to another substrate using an 
adhesive, and the insulating substrate may be peeled off. 
[0032] 

The compound semiconductor layer included in the 
compound semiconductor sensor is formed using various film 
deposition methods. For example, the molecular beam 
epitaxy (MBE) or the- metal organic vapor phase epitaxy 
(MOVPE) is an appropriate method. Using this growth k 
method, a desired compound semiconductor layer can be 
deposited . 
[0033] 

A compound semiconductor having a band gap E g that 
satisfies E g [eV] < 1.24 A [|um] (infrared wavelength X = 
10 |um) is used as the material for a compound semiconductor 
layer that forms the compound semiconductor sensor. For 
example, an arbitrary material can be used for the first 
compound semiconductor layer so long as indium (In) and 
antimony (Sb) are contained in the semiconductor layer, 
and above all, InSb, InAsSb, InSbBi, InAsSbBi, InTlSb, 
InTlAsSb, InSbN, InAsSbN, etc., are preferable. The band 
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gap E g of the InAs x Sbx- x mixed crystal is represented as 
0.58x 2 - 0.41x + 0.18 = E g , and includes a very large 
non-linear factor (see non-patent document 2) . When x in 
the As composition ratio is 0, i.e., when there is a 
wavelength of about 7.3 jam or shorter at room temperature, 
the sensitivity for InSb is obtained. Further, within the 
range 0.1 < x < 0.6, Eg < 0.12 eV is established, and the 
compound semiconductor layer becomes more appropriate for 
infrared detection, with the peak wavelength being in the 
10-|Lim band. A more preferable range for x is 0.2 < x < 0.5. 
Fig. 2 is a cross-sectional view of an example for a first 
compound semiconductor layer 7 formed on a GaAs substrate 
6. 

[0034] 

The compound semiconductor layer may build a 
heteroj unction formed of a second compound semiconductor 
layer and a third compound semiconductor layer. An 
arbitrary material can be used for the second compound 
semiconductor layer for the mode of the invention, so long 
as indium (In) and antimony (Sb) are contained in the 
semiconductor layer. For the third compound 
semiconductor layer, an arbitrary material that contains 
antimony and differs from that for the second compound 
semiconductor layer may be used. A preferable combination 
of the third compound semiconductor layer/the second 
compound semiconductor layer is, for example, GaSb/InSb, 
GalnSb/InSb, InSb/InAsSb, GaSb/InAsSb or GalnSb/InAsSb . 
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Especially, as described above, a preferable range for x 
in the InAs x Sb!_ x mixed crystal is 0.1 < x < 0.6, and a more 
preferable range for xis0.2<x<0.5. Fig. 3 is a 
cross-sectional view of an example compound semiconductor 
sensor 2 that includes a second compound semiconductor 
layer 8/a third compound semiconductor layer 9, which are 
formed on the GaAs substrate 6 (electrodes 13 are not 
shown) . 
[0035] 

When the symbol / is used in the specification, it 
means that material written to the left of the symbol / 
is formed on a material written to the right of the symbol 
/. Thus, in the above described case of the third compound 
semiconductor layer/the second semiconductor layer, it 
means that the third compound semiconductor layer is formed 
on the second compound semiconductor layer. 
[0036] 

According to the mode of the invention, the first 
compound semiconductor layer, the second semiconductor 
layer and the third semiconductor layer may also be p-type 
doped. Be, Zn, C, Mg or Cd is used as a preferable p-type 
dopant. In this case, the doping density is the density 
of the impurity atoms doped in a compound semiconductor. 
The p-type doping density is 1 x 10 16 to 1 x 10 17 atoms/cm 3 , 
and more preferably, 2 x 10 16 to 5 x 10 16 atoms/cm 3 . 
[0037] 

An explanation will now be given for the effects 
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obtained by changing, to a p type, the first compound 
semiconductor layer, the second compound semiconductor 
layer and the third compound semiconductor layer according 
to this mode of the invention. An infrared sensor wherein 
the first compound semiconductor layer, the second 
semiconductor layer and the third compound semiconductor 
layer are used for the compound semiconductor sensor is 
generally called a photo conductive infrared sensor. For 
the photo conductive infrared sensor, sensitivity R pc is 
represented by expression 1 . In this expression, X denotes 
an infrared wavelength, h denotes Planck's constant, c 
denotes the speed of light, r| denotes a quantum efficiency, 
1 denotes the length of a sensor element, w denotes the 
width of the sensor element, V b denotes a bias voltage, 
x denotes the lifetime of a carrier, d denotes the thickness 
of a compound semiconductor layer, N denotes the carrier 
density of a sensor element, q denotes the electrical 
charge of an electron, (j, denotes electron mobility, and 
R in denotes the element resistance of the sensor element. 
[0038] 

[Expression 1] 



According to expression 1, in order to obtain high 
sensitivity for the infrared sensor, great electron 
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mobility, a large element resistance and as a low carrier 
density as possible are the film characteristics requested 
for the compound semiconductor layer. The first compound 
semiconductor layer, the second semiconductor layer and 
the third semiconductor layer, which constitute the 
compound semiconductor sensor of the infrared sensor IC 
for the mode of this invention, are thin film materials 
that are non-doped and indicate an n-type . Therefore, it 
is preferable that these compound semiconductor layers are 
p-type doped in order to reduce the carrier density. For 
the film thickness, thinner films are more appropriate. 
However, since the quantum efficiency becomes greater as 
the film thickness is increased, an optimal value exists. 
Further, since the element resistance can be easily 
affected by electromagnetic noise when it is too large 
(equal to or exceeding kQ) , an optimal value for this also 
exists . 
[0040] 

Further, it is preferable that the compound 
semiconductor layer also form a superlattice structure 
wherein a fourth compound semiconductor layer and a fifth 
compound semiconductor layer are alternately stacked. 
The fourth compound semiconductor layer according to the 
mode of the invention may be a material that at least 
contains either indium (In) or antimony (Sb) , and the fifth 
compound semiconductor layer may be a material that at 
least contains either indium (In) or antimony (Sb) and 
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differs from that of the fourth compound semiconductor 
layer* In order to provide an infrared sensor having a 
high sensitivity, InAs/GaSb, InAs/GalnSb, InAs/GaAsSb, 
InAsSb/GaSb, InAsSb/GaAsSb or InAsSb/GalnSb, etc., is very 
appropriately used as a combination for the fifth compound 
semiconductor layer/the fourth compound semiconductor 
layer that forms the superlattice structure. Further, as 
described above, in the compound semiconductor, the 
preferable range for x in the InAs x Sbi_ x mixed crystal is 
0.1 < x < 0.6, and the more preferable range for x is 0.2 
< x < 0.5. Fig. 4 is a cross-sectional view of an example 
compound semiconductor sensor 2 having a superlattice 
structure wherein a fourth compound semiconductor layer 
10 and a fifth semiconductor layer 11 are alternately 
stacked on the GaAs substrate 6 (electrodes 13 are not 
shown) . 
[0041] 

The superlattice structure is a band structure called 
Type-II. That is, the superlattice structure is a 
structure wherein the conduction band of a thin film 
material forming the fifth compound semiconductor layer 
is located under the valence band of a thin film material 
forming the fourth compound semiconductor layer, and 
wherein a band gap is isolated. In such a band structure, 
holes in the valence band and electrons in the conduction 
band are separated spatially. As a result, the lifetime 
of carriers to be recombined is extended, and the 
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efficiency with which infrared energy is extracted as an 
electrical signal is improved. Thus, it is considered 
possible for the sensitivity of the infrared sensor to be 
increased . 
[0042] 

A stacked layers consisting of compound 
semiconductors, i.e., a stacked layers formed by stacking 
a compound semiconductor layer that contains indium (In) 
and antimony (Sb) and is n-type doped, and a compound 
semiconductor layer that contains indium (In) and antimony 
(Sb) and is p-type doped is used as the compound 
semiconductor layer. A preferable combination for a 
stacked layers is a p-n junctional stacked layers, for 
example, of a p-type doped InSb/a p-type doped InAsSb/an 
n-type doped InSb, a p-type doped GalnSb/a p-type doped 
InAsSb/an n-type doped GalnSb, or a p-type doped GalnSb/a 
p-type doped InSb/an n-type doped GalnSb. In addition, 
another stacked, layers may be considered preferable, 
including one such as a p-type doped InSb/an n-type doped 
InSb, a high-density p-type doped InSb/a low-density 
p-type doped InSb/a n-type doped InSb, or an n-type doped 
InSb/ a low-density p-type doped InSb/a high-density p-type 
doped InSb. 
[0043] 

In this specification, in a case wherein there is a 
plurality of symbols / as well as in a case where there 
is a single symbol /, it means that individual materials 
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are formed in the order of the symbols / , beginning with 
the rightmost symbol / and continuing on to the leftmost 
symbol /. That is, for example, in the case of a p-type 
doped InSb/a p-type doped InAsSb/an n-type doped InSb, the 
p-type doped InAsSb is formed on the n-type doped InSb, 
and the p-type doped InSb is formed on the p-type doped 
InAsSb. 
[0044] 

The elements previously described can be used for a 
p type dopant. Si, Sn, Te, S, Se or Ge, etc. , can be 
considered preferable for an n type dopant. Fig. 5 is a 
cross-sectional view of an example compound semiconductor 
sensor 2 wherein a stacked layers 12 formed of compound 
semiconductors is deposited on an n-type GaAs substrate 
6 (electrodes 13 are not shown) . In the example shown in 
Fig. 5, the compound semiconductor stacked layers 12 
includes three layers, a high-density n-type doped layer 
12a/a low-density p-type doped layer 12b/a high-density 
p-type doped layer 12c. 
[0045] 

In this mode, the "stacked layers 11 is a compound 
semiconductor film having a stacked layer structure 
wherein a plurality of semiconductors are stacked. 
[0046] 

Generally, it is preferable that the compound 
semiconductor stacked layers 12 have a three-layer 
structure having a high-density p-type doped layer/a 



-27- 



low-density p-type doped layer/a high-density n-type doped 
layer. The doping density of the high-density p-type 
doped layer is 6 x 10 17 to 5 x 10 18 atoms/cm 3 , and more 
preferably 1 x 10 18 to 4 x 10 18 atoms/cm 3 . The doping density 
of the low-density p-type doped layer is 1 x 10 16 to 1 x 
10 18 atoms/cm 3 , and more preferably 1 x 10 16 to 1 x 10 17 
atoms/cm 3 . The doping density of the high-density n-type 
doped layer is 6 x 10 17 to 5 x 10 18 atoms/cm 3 , and more 
preferably falls within the range 1 x 10 18 to 4 x 10 18 
atoms /cm 3 . 
[0047] 

Generally, an infrared sensor using a p-n junctional 
stacked layers is a photovoltaic infrared sensor, and the 
sensitivity R pv of the photovoltaic infrared sensor is 
represented by expression 2. 
[0048] 

[Expression 2] 



[0049] 

According to expression 2, in order to increase the 
sensitivity of the infrared sensor, it is preferable that 
the device have a large resistance and that the device have 
a substantial film thickness to increase the quantum 
efficiency. Further, when a reverse bias voltage is 
applied to the p-n junctional stacked layers, a carrier 
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can be extracted, as an electrical signal, more efficiently. 
As a result, a higher sensitivity, for an infrared sensor, 
can be obtained. However, when the element resistance 
would be easily affected by electromagnetic noise when it 
is too great (equal to or exceeding kQ) , there is an optimal 
value. Furthermore, instead of applying the reverse bias 
voltage, a method for measuring the open circuit voltage 
of an element in the zero-bias state is also an appropriate 
measurement method. This method will be described in 
detail later . 
[0050] 

It has also been found that when the above described 
compound semiconductor layers that form the compound 
semiconductor sensor is grown on the substrate 6, defects 
in a compound semiconductor layer (e.g., the second 
compound semiconductor layer 8) are reduced and the 
flatness of the surface and the crystallinity can be 
improved, by the insertion of an appropriate buffer layer 
14 , as shown in Fig. 6 . As the buffer layer 14, AlSb, AlGaSb, 
AlGaAsSb, AllnSb, GalnAsSb or AlInAsSb, etc., is 
preferably used. P-type doped InSb may also be used. The 
lattice constant of the buffer layer 14 greatly differs 
from that of the substrate 6. However, it has been 
confirmed that when growing of the layer is started, 
lattice relaxation occurs very quickly, the surface. of the 
compound semiconductor layer is flattened, and a thin film 
that is superior in crystallinity is obtained. So long 
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as a lattice misfit with the substrate 6 can be relaxed 
and appropriate crystallinity and a flat surface can be 
obtained, an arbitrary film thickness can be employed for 
the buffer layer 14 that is generally 100 nm to 1 pm and 
is preferably about 150 nm to 600 nm. As a composition 
for the buffer layer 14, it is preferable that a composition 
having a lattice constant that is as near as possible to 
that of the material for the compound semiconductor layer, 
grown on the buffer layer 14, is selected. By 

the lattice fit effects, the crystallinity and the 
flatness of the compound semiconductor layer and the 
steepness of the interface can be more greatly improved 
than when the compound semiconductor layer is grown 
directly on the substrate. 
[0051] 

It should be noted that the buffer layer 14 may be 
formed between the GaAs substrate 6 and the first compound 
semiconductor layer 7. That is, the purpose here is, by 
forming the buffer layer 14 between the GaAs substrate 6 
and the compound semiconductor layer, as described above, 
to relax the lattice misfit between the GaAs substrate 6 
and the compound semiconductor layers formed atop it and 
to improve the crystallinity, etc., of the compound 
semiconductor layers. Therefore, a single compound 
semiconductor layer, a plurality of layers or a lamination 
having a plurality of layers may be formed on the buffer 
layer 14. 
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[0052] 

As a result, the element characteristics of the 
infrared sensor can also be improved, the sensitivity 
increased, and the noise reduced. 
[0053] 

When a single compound semiconductor layer forms the 
compound semiconductor sensor, the film thickness of this 
layer is 0.5 pn to 10 jam, preferably 0 . 7 jam to 5 jam and 
more preferably 1 /am to 4 fjm. 
[0054] 

Further, when the hetero structure is employed, the 
total film thickness of the second compound semiconductor 
layer and the third compound semiconductor layer is 0.5 
Mm to 10 (im, preferably 1 to 5 pin and more preferably 
2 Jim to 4 Mm. 
[0055] 

Furthermore, in the case of the superlattice 
structure, the film thicknesses of the fourth compound 
semiconductor layer and the fifth compound semiconductor 
layer for one period must be small, so as to form a mini-band. 
The film thickness for one period preferably falls within 
the range 1 nm to 15 nm, more preferably 2 nm to 10 nm and 
even more preferably 3 nm to 7 nm. In addition, it is 
preferable that the cycle of the superlattice structure 
grow about 10 to 100 periods, and even more preferably about 
20 to 50 periods. 
[0056] 
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In the process for fabricating the compound 
semiconductor sensor of the infrared sensor IC according 
to the mode of this invention, first, using mesa etching, 
element separation is performed for compound semiconductor 
layers that are formed using the above described growth 
method. Then, an SiN protective film is deposited on the 
surfaces of the substrate and the compound semiconductor 
layers obtained by element separation. Thereafter, the 
opening of windows for electrodes is performed in the SiN 
protective film (passivation film) , and the electrodes are 
formed using the lift off method. Au/Ti is preferably used 
as the electrodes 13. In this case, Au/Ti means that 
electrodes are formed on an underlayer in the order Ti and 
Au. Then, dicing is performed to obtain a chip for the 
compound semiconductor sensor. The above described 
process is an example processing sequence the manufacture 
of the compound semiconductor sensor according to the mode 
of the invention. Fig. 7 is a cross-sectional view of an 
example compound semiconductor sensor 2 (a photo 
conductive infrared sensor) that uses a first compound 
semiconductor layer 7. Further, Fig. 8 is a 
cross-sectional view of an example compound semiconductor 
sensor 2 (a photovoltaic infrared sensor) that employs a 
p-n junctional stacked layers 12. 
[0057] 

In the infrared sensor IC of the mode of the invention, 
ordinarily, an amplification circuit, a chopping circuit, 
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etc, are mounted on the Si substrate of the integrated 
circuit, and the integrated circuit is formed using a 
normal CMOS line. However, the production method is not 
limited to this. 
[0058] 

Further, as shown in Fig. 1, according to the example 
infrared sensor IC of the invention, the compound 
semiconductor sensor 2 and the integrated circuit 3 are 
connected to the printed board 1, such as a glass epoxy 
substrate, by die bonding, and the predetermined 
electrodes 13 are electrically connected, respectively, 
using the wire bonding 4b. 
[0059] 

In addition, according to another example infrared 
sensor IC of the present invention, as shown in Fig. 9, 
the compound semiconductor sensor 2 is mounted on the 
integrated circuit 3, and the two are connected together, 
electrically using wire bonding. When the compound 
semiconductor sensor 2 is mounted on the integrated circuit 
3, as shown in the example in Fig. 9, the size of the infrared 
sensor IC can be reduced even more. 
[0060] 

As for a package, an arbitrary material can be used 
so long as the transmittance of an infrared radiation 
having a wavelength of equal to or longer than 5 jam is high, 
and especially when the infrared transmittance near the 
10-|xm band is high. Furthermore, a resin material, such 
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as polyethylene, can also be used as a package cover if 
film thickness is reduced. A resin having high 
transparency near the 10-|im band and a superior heat 
release property, for example, is also preferably used. 
Since the infrared sensor IC for the mode of the invention 
is not easily affected by electromagnetic noise and thermal 
fluctuation, a strong and expensive package, such as a 
metal Can package, is not required. 
[0061] 

Further, as shown in one example in a fifteenth 
embodiment that will be described later, it is also 
preferable that a sensor and an IC section are arranged 
within a hollow package formed of a plastic or a ceramic, 
and that the sensor, the IC section and the electrode of 
a package are electrically connected using wire bonding 
or flip-chip bonding, and that the surface of the package 
is covered with a filter, such as Si. It should be noted 
that the incident direction of an infrared radiation may 
be either from the surface of the sensor or from the 
substrate that constitutes the reverse side. 
[0062] 

When the infrared sensor IC of the mode of the 
invention is used as a human sensor, a filter that cuts 
off light around or equal to or shorter than 5 jum may be 
provided in order to completely avoid affects produced by 
light (a near-infrared radiation of 5 jam or shorter, or 
visible light) emitted by objects other than human beings. 
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It is also preferable that a Fresnel lens is provided in 
order to define the distance and the direction for 
detection and to improve condensing. 
[0063] 

It is known that the photon infrared sensor that 
employs compound semiconductors has superior properties, 
high speed and high sensitivity. For example, a 
photodiode infrared sensor having a PN junction, and a 
photodiode infrared sensor having a PIN structure, wherein 
a non-doped layer or a layer doped at a very low density 
is inserted at a PN junction, are appropriately used for 
the compound semiconductor sensor of the infrared sensor 
IC of this invention. When either of these quantum 
infrared sensors is used to detect an infrared radiation 
having a wavelength of 5 (jm or longer at room temperature, 
reducing a leak current at the infrared sensor is important 
for increasing the sensitivity. For example, for a 
photodiode element having a PN junction, a diffusion 
current is the main factor of a leak current. A diffusion 
current is proportional to the square of an intrinsic 
carrier density ni of a semiconductor that is included in 
an infrared sensor. And ni 2 is represented by expression 
3. 

[0064] 

[Expression 3] 
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[0065] 

In expression 3, k denotes a Boltzmann constant, and 
T denotes an absolute temperature. And N c and N v denote 
effective state densities of a conduction band and a 
valence band, respectively. Further, E g denotes an energy 
band gap. And N c , N v and E g denote unique values of 
semiconductor materials. 
[0066] 

That is, in order for an infrared radiation having 
a wavelength of 5 jam or longer to be absorbed by a 
semiconductor, the energy band gap must be very small, 
about 0.25 [eV] or lower. Thus, at room temperature, the 
intrinsic carrier density is increased, i.e., 6x 10 15 [cm 3 ] 
or greater, and accordingly, the diffusion current is 
increased. Therefore, the leak current becomes larger. 
And as a result, to obtain a higher sensitivity for the 
compound semiconductor infrared sensor of a photodiode 
type at room temperature, it is necessary for the infrared 
detection element section to be cooled using liquid 
nitrogen, a refrigeration unit such as a Stirling cooler, 
electron cooling utilizing the Peltier effect, etc., so 
that the intrinsic carrier density must be reduced. 
[0067] 

According to the structure of the compound 
semiconductor infrared sensor for the mode of the invention, 
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a diffusion current can be suppressed. As a result, the 
sensitivity of the compound semiconductor infrared sensor 
for this mode of the invention can be further increased 
at room temperature, without a cooling mechanism being 
required. Fig. 10 is a cross-sectional view of a compound 
semiconductor infrared sensor according to one mode of the 
invention. The features of the structure and the 
operation of this sensor will now be described while 
referring to Fig. 10. 
[0068] 

In Fig. 10, a sixth compound semiconductor layer 16, 
which is an n-type doped layer (also called an n layer), 
is formed on a substrate 15. A seventh compound 
semiconductor layer 17, which is a non-doped layer or a 
p-type doped layer, is formed on a predetermined area of 
the sixth compound semiconductor layer 16. An eighth 
compound semiconductor layer 18, which is a layer (also 
called a P layer) that is p-type doped at a higher density 
than the seventh compound semiconductor layer 17 and has 
a larger energy band gap than the seventh compound 
semiconductor layer 17, is formed on the seventh compound 
semiconductor layer 17. Electrodes 19 are formed on the 
eighth compound semiconductor layer 18 and in an area of 
the sixth compound semiconductor layer 16 wherein the 
seventh compound semiconductor layer 17 is not formed. A 
passivation film 20 is deposited to protect the surface 
of the compound semiconductor infrared sensor having this 
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structure. At this time, the passivation film 20 does not 

cover the electrodes 19. 

[0069] 

When an infrared radiation enters the infrared sensor 
in Fig. 10, the infrared radiation is absorbed at the 
seventh compound semiconductor layer 17, which is a light 
absorption layer, and pairs of electrons and positive holes 
are generated. The pairs of generated electrons and 
positive holes are separated in accordance with a potential 
difference between the sixth compound semiconductor layer 
16, which is an n layer, and the eighth compound 
semiconductor layer 18, which is a p layer, i.e., in 
accordance with a built-in potential, and electrons are 
moved to the n-layer side while the positive holes are moved 
to the p-layer side and become a photo current. At this 
time, when generated electrons are diffused in the forward 
direction of the PIN diode, i.e., to the p-layer side, the 
positive holes can not be extracted as a photo current. 
The diffusion of a carrier in the forward direction of the 
PIN diode is a diffusion current. In this case, when the 
eighth compound semiconductor layer, which is a p layer, 
is a material having a larger energy band gap, the intrinsic 
carrier density ni of the p-layer portion can be reduced, 
as represented by expression 3. Therefore, the diffusion 
current flowing from the seventh compound semiconductor 
layer 17 to the eighth compound semiconductor layer 18 can 
be suppressed. 



-38- 



[0070] 

Fig. 11 is a diagram showing the energy band of the 
compound semiconductor infrared sensor explained while 
referring to Fig. 10. In Fig. 11, E denotes the energy 
of an electron, E F denotes Fermi energy, E c denotes a 
conduction band level, and E v denotes a valence band level . 
Further, arrows in the drawing indicate directions of 
movement of an electron generated by the incidence of the 
infrared radiation; a direction of movement (an arrow A) 
of an electron serving as a photo current; and a direction 
of movement (an arrow B) of an electron serving as a 
diffusion current . That is, as is apparent from the energy 
band diagram in Fig. 11 for the compound semiconductor 
infrared sensor, the eighth compound semiconductor layer 
18 serves as a barrier layer for the diffusion of electrons 
to the p layer side . On the other hand, the flow of positive 
holes generated by the incidence of the infrared radiation 
is not interrupted. By employing this effect, the leak 
current can be greatly reduced. Further, since electrons 
generated by the incidence of the infrared radiation flow 
easily in the direction A of a photo current, a photo 
current to be extracted can be increased. That is, the 
external quantum efficiency of the sensor is improved. As 
a result, the sensitivity of the element can be increased 
remarkably . 
[0071] 

In addition, the lamination order of the individual 
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compound semiconductor layers is very important for one 
mode of the invention. An explanation will be given for 
the reason that, first, the sixth compound semiconductor 
layer, which is n-type doped, is grown on the substrate, 
the seventh compound semiconductor layer, which is p-type 
doped, is grown on the sixth compound semiconductor layer, 
and further, the eighth compound semiconductor layer, 
which is p-type doped at a higher density than the seventh 
compound semiconductor layer and has a larger band gap than 
the second compound semiconductor layer, is grown on the 
seventh compound semiconductor layer. First, the sixth 
compound semiconductor layer 16 is a buffer layer, provided 
so that, with appropriate crystallinity, the seventh 
compound semiconductor layer 17, which is a light 
absorption layer, can be grown on the substrate. Also, 
the sixth compound semiconductor layer 16 serves as a 
contact layer fitted with electrodes. In this case, since 
the surface area of the sixth compound semiconductor layer 
16 is the largest of all the devices, the sheet resistance 
is the main factor in the resistance of the sensor. On 
the other hand, the resistance R of the sensor causes 
Johnson noise, which is heat noise, i.e., as the resistance 
of the sensor becomes higher, the noise is increased. When 
a noise voltage is v, and the band width of an amplifier 
for amplifying a sensor signal is f, Johnson noise is 
represented by expression 4. 
[0072] 
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[Expression 4] 

v = yj4kTRf 
[0073] 

Therefore, it is preferable that the sixth compound 
semiconductor layer 16 is a layer having a small sheet 
resistance. Generally, since the mobility of electrons 
in a compound semiconductor is greater than the mobility 
of holes, the sheet resistance can be better reduced by 
n-type doping than by p-type doping. Thus, n-type doping 
is preferable for the sixth compound semiconductor layer 
16. 

[0074] 

Further, when the eighth compound semiconductor 
layer 18 is grown as a barrier layer, and then the seventh 
compound semiconductor layer 17 is grown as a light 
absorption layer, effects suppressing the diffusion 
current are the same as those obtained for the lamination 
structure shown in Fig. 10. Thus, this is preferable as 
the structure of the compound semiconductor infrared 
sensor. However, the seventh compound semiconductor 
layer 17 is formed, with hetero growth including lattice 
misfit, on the eighth compound semiconductor layer 18 for 
which the lattice constant of a crystal differs. 
Therefore, crystal defects tend to occur in the seventh 
compound semiconductor layer 17, which is a light 
absorption layer, and annihilation of pairs of electrons 
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and positive holes generated by infrared absorption can 
easily occur. That is, the quantum efficiency of the 
sensor tends to be reduced. Therefore, it is preferable 
that the growth of the eighth compound semiconductor layer 
18, which is a barrier layer, follow the growth of the 
seventh compound semiconductor layer 17, which is a light 
absorption layer. 
[0075] 

Based on the above described reason, in the above 
described structure of the compound semiconductor infrared 
sensor, the sixth compound semiconductor layer 16, which 
is n-type doped, is grown on the substrate 15 . Thereafter, 
the seventh compound semiconductor layer 17, which is 
p-type doped, is grown in a predetermined area on the sixth 
compound semiconductor layer 16. Further, the eighth 
compound semiconductor layer 18, which is p-type doped at 
a higher density than the seventh compound semiconductor 
layer 17 and which has a larger band gap than the seventh 
compound semiconductor layer 17, is grown on the seventh 
compound semiconductor layer 17. According to the mode 
of the invention, it is preferable that the compound 
semiconductor infrared sensor is provided by the growth 
method that employs this order. 
[0076] 

In addition, a ninth compound semiconductor layer, 
which is p-type doped at a density equal to or higher than 
the eighth compound semiconductor layer 18, may be further 
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grown on the eighth compound semiconductor layer 18. This 

will be explained later, 

[0077] 

A large band gap must be provided for the eighth 
compound semiconductor layer 18, so that electrons 
diffused at room temperature can be appropriately halted. 
Generally, in order to extend the band gap, the eighth 
compound semiconductor layer 18 should be a material having 
a smaller lattice constant. As a result, the difference 
with the lattice constant of the seventh compound 
semiconductor layer 17, which has a small band gap, tends 
to be increased, and crystal defects due to hetero growth 
tend to occur in the eighth compound semiconductor layer 
18, which is a barrier layer. This crystal defect causes 
a leak current due to the defect. Thus, the size of the 
band gap is determined by the effects both for suppressing 
a diffusion current and for improving the crystallini ty 
of the eighth compound semiconductor layer 18. This can 
be changed, depending on the combination of materials used 
for the compound semiconductor layers that are to be used. 
On the junction interface of the seventh compound 
semiconductor layer 17 and the eighth compound 
semiconductor layer 18, a jump (also called a spike) shown 
in Fig. 11 appears in the valence band because of a 
difference between the energy band structures of the 
materials . When the tip of the spike projects outward from 
the valence band of the seventh compound semiconductor 
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layer, the flow of positive holes generated by infrared 
absorption is interrupted. In order to prevent this, 
p-type doping must be appropriately performed for the 
eighth compound semiconductor layer 18. 
[0078] 

As for the materials used for the individual compound 
semiconductor layers included in the infrared sensor, an 
arbitrary material can be used for the sixth compound 
semiconductor layer 16 so long as indium (In) and antimony 
(Sb) are contained in the semiconductor layer, and InSb 
is used as a preferable material. Since of the compound 
semiconductors InSb has high electron mobility, the sheet 
resistance can be lowered. Further, an arbitrary material 
can be used for the seventh compound semiconductor layer 
17 so long as indium (In) and antimony (Sb) are contained 
in the semiconductor layer, and InSb, InAsSb, InSbN, etc., 
are used as preferable materials. As previously described, 
the band gap E g of the InAs x Sbi_ x mixed crystal is represented 
by 0.58x 2 - 0.41x + 0.18 = E g , and includes a very large 
non-linear factor. When the x of the As composition ratio 
is 0, i.e., when the wavelength is about 7.3 jam or shorter 
at room temperature, the sensitivity of InSb is obtained. 
In addition, within the range 0.1 < x < 0.6, E g < 0.12 eV 
is established, and InSb is a compound semiconductor layer 
that is more appropriate for infrared detection, having 
a peak wavelength that is in a lO-jim band. A more 
preferable range for x is 0.2 < x < 0.5. Moreover, it is 
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known that the band gap of an InSb!_ y N y mixed crystal (0 
< y < 0.01) includes a larger non-linear factor, and that 
the band gap approaches 0 when the composition y of nitrogen 
N is only 0.01. Therefore, by employing a system that uses 
InSbi_ y N y , which is similar to the lattice fit of InSb (sixth 
compound semiconductor layer) , an infrared radiation 
having a longer wavelength than that absorbed by InSb can 
be absorbed. 
[0079] 

In the case of the growth of InAsSb or InSbN, as the 
seventh compound semiconductor layer 17, on the InSb layer 
that is the sixth compound semiconductor layer 16, a growth 
method for gradually changing the composition from 0 to 
x or 0 to y is preferably employed in order to suppress 
the occurrence of crystal defects due to hetero growth. 
[0080] 

A material for which the band gap is larger than that 
of the seventh compound semiconductor layer 17 can be used 
for the eighth compound semiconductor layer 18. One of 
AllnSb, GalnSb, AlAs, GaAs, InAs, AlSb, GaSb, AlAsSb, 
GaAsSb, AlGaSb, AlGaAs, AlInAs, GalnAs, AlGaAsSb, AlInAsSb, 
GalnAsSb, AlGalnSb, AlGalnSb and AlGalnAsSb is preferable 
as the eighth compound semiconductor layer 18 . Especially, 
the band gap E g • of the Al z Irii_ z Sb mixed crystal is 
represented by E g ' = 0.172 + 0.1621z + 0.43z 2 , and a large 
band gap can be obtained with a composition including a 
small amount of Al . Therefore, the lattice constant near 
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to that of the material, such as InSb or InAsSb, of the 
seventh compound semiconductor layer 17, which is a light 
absorption layer, and a barrier layer having a large band 
gap can be obtained. In this case, a preferable range for 
z is 0.01 < z < 0.7, and more preferably, 0.1 < z < 0.5. 
[0081] 

It is preferable that the film thickness of the sixth 
compound semiconductor layer 16 is as great as possible 
in order to reduce sheet resistance. It should be noted, 
however, that, when the film thickness of the sixth 
compound semiconductor layer 16 is increased, an enormous 
time is required for the growth of a film, and mesa etching, 
etc., for device separation would be difficult . Thus, the 
film thickness of the sixth compound semiconductor layer 
16 is preferably equal to or greater than 0 . 3 |um to equal 
to or smaller than 2 jum, and more preferably equal to or 
greater than 0 . 5 fom to equal to or smaller than 1 jam. 
[0082] 

It is also preferable that the film thickness of the 
seventh compound semiconductor layer 17 is as great as 
possible in order to increase infrared absorption. It 
should be rioted, however, that when the film thickness of 
the seventh compound semiconductor layer 17 is increased, 
as well as for the sixth compound semiconductor layer 16, 
an enormous time is required for the growth of a film, and 
etching, etc., for device separation is difficult. Thus, 
the film thickness of the seventh compound semiconductor 
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layer 17 is preferably equal to or greater than 0 . 5 jxm to 
3 (am, and more preferably, is equal to or greater than 
1 jam to equal to or smaller than 2 \xm. 
[0083] 

5 It is also preferable that the film thickness of the 

eighth compound semiconductor layer 18 is as small as 
possible in order to reduce device resistance. It should 
be noted, however, that a film thickness is required that 
is sufficient for the prevention of the occurrence of a 
10 tunnel leak between the electrode 19 and the seventh 

compound semiconductor layer 17 . Thus, the film thickness 
of the eighth compound semiconductor layer 18 is preferably 
equal to or greater than 0.01 jam, and more preferably, is 
equal to or greater than 0.02 |mn. Assuming that a 
15 rectangular potential barrier is provided, the tunnel 
probability P of electrons is represented by expression 
5 and expression 6. Supposing that a height V of the 
potential barrier is 0.2 eV, a thickness W of the potential 
barrier is 0.02 ym, an energy E of an electron is 0.1 eV, 
20 and an electron mass m is an effective mass in InSb, the 
tunnel probability P is about 0.002, which is 
satisfactorily small . 
[0084] 

[Expression 5] 

25 

p = 

4a 2 J3 2 +(a 2 + /? 2 ) 2 sinh 2 
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[0085] 

[Expression 6] 

[0086] 

wherein 
[0087] 

h 

[0088] 

is obtained by dividing Planck's constant h by 2ti. 

[0089] 

In order to increase a potential difference from the 
seventh compound semiconductor layer 17 and to reduce the 
sheet resistance, it is preferable that the n-type doping 
density for the sixth compound semiconductor layer 16 is 
as high as possible, and is equal to or higher than 1 x 
10 18 atoms/cm 3 . Further, the seventh compound 
semiconductor layer 17 may be either an intrinsic 
semiconductor that is not doped, or may be p-type doped. 
For p-type doping, the p-type doping density of the seventh 
compound semiconductor layer 17 is adjusted, so that a 
sufficiently large band offset can be obtained relative 
to conduction bands of the sixth compound semiconductor 
layer 16 and the eighth compound semiconductor layer 18. 
Here, it is preferable that the p-type doping density for 
the seventh compound semiconductor layer 17 is equal to 
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or higher than 1 x 10 16 atoms/cm 3 to lower than 1.0 x 10 18 
atoms/cm 3 . Further, it is preferable that the p-type 
doping density for the eighth compound semiconductor layer 
18 is equal to or higher than 1 x 10 18 atoms/cm 3 , so that 
the spike in the valance band, at the junction interface 
between the seventh compound semiconductor layer 17 and 
the eighth compound semiconductor layer 18, does not 
interrupt the flow of positive holes that are generated 
by infrared absorption. 
[0090] 

Furthermore, Si, Te, Sn, S, Se, Ge, etc., can be used 
as an n-type dopant. Since, above all, Sn has a higher 
activation ratio relative to InSb, and can reduce sheet 
resistance, Sn is more preferably used. Further, Be, Zn, 
Cd, C, Mg, etc., can be used as a p-type dopants. Since 
above all, Zn has a higher activation ratio relative to 
InSb and is less poisonous, Zn is more preferably used. 
[0091] 

A device structure wherein a ninth compound 
semiconductor layer, which is a contact layer, is formed 
on the eighth compound semiconductor layer 18, which is 
a barrier layer, is a more preferable mode. Fig. 12 is 
a cross-sectional structure of this device structure. The 
characteristic of the structure of the compound 
semiconductor infrared sensor will now be described while 
referring to Fig. 12. 
[0092] 
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The eighth compound semiconductor layer 18 that 
serves as a barrier layer is a material having a large band 
gap, and generally, the carrier mobility is small. Thus, 
the contact resistance relative to the electrode 19 is 
increased, and causes the previously described Johnson 
noise. When, as shown in Fig. 12, a ninth compound 
semiconductor layer 21 is formed on the eighth compound 
semiconductor layer 18 by using a material having a lower 
electrical resistance than the eighth compound 
semiconductor layer 18, the increase in the resistance can 
be suppressed. Further, in order to reduce the electrical 
resistance, it is preferable that appropriate p-type 
doping is performed for the ninth compound semiconductor 
layer 21. 
[0093] 

An arbitrary material can be used for this ninth 
compound semiconductor layer 21 so long as indium (In) and 
antimony (Sb) are contained in the semiconductor layer, 
and InSb, for which the carrier mobility is high, is a 
preferable material . 
[0094] 

The ninth compound semiconductor layer 21 must only 
have a film thickness great enough to reduce contact 
resistance, and 0.1 jluti or greater to 2 jam or smaller is 
preferable . 
[0095] 

Further, Be, Zn, Cd, C, Mg, etc., are preferably 5 
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used as p-type dopants for the ninth compound semiconductor 
layer 21. Above all, Zn is preferable because the 
activation ratio relative to InSb is higher and the 
toxicity is low. Furthermore, the p-type doping density 
is preferably equal to or higher than 1 x 10 18 atoms/cm 3 
in order to obtain a small resistance at the film. 
[0096] 

In addition, an arrangement is more preferable 
wherein a plurality of the compound semiconductor infrared 
sensors characterized by the above described device 
structure are connected in series on a substrate 15. Fig. 
13 is a cross-sectional view of one part of a compound 
semiconductor sensor wherein a plurality of unit devices 
are connected in series in the above described manner. 
Further, Fig. 14 is a top view of the structure shown in 
Fig. 13. In Fig. 14, compound semiconductor infrared 
sensors, which are unit devices obtained by device 
separation, are contiguously connected in series by 
electrodes 19 on the substrate 15. Let us focus on a 
specific compound semiconductor infrared sensor of those 
contiguously connected in series on the substrate 15. On 
one side of the specific sensor, the sixth compound 
semiconductor layer 16 of the specific sensor and the ninth 
compound semiconductor layer 21, which is located in a 
sensor adjacent to the specific sensor, are electrically 
connected in series by the electrode 19. On the other side 
of the specific sensor, the ninth compound semiconductor 
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layer 21 of the specific sensor and a sixth compound 
semiconductor layer 16 of a sensor located in a sensor 
adjacent to the specific sensor are electrically connected 
in series by the electrode 19. Further, compound 
semiconductor infrared sensors located at both ends of a 
series connection are respectively connected to electrode 
pads 22. It should be noted that a broken line in Fig. 
14 indicates that the individual sensors are contiguously 
and repetitively connected in accordance with the 
arrangement. Further, in Fig. 14, for the sake of 
convenience, a passivation film 20 is not shown, to make 
it easy to understand the structure of electrode connection 
between devices . 
[0097] 

Since the structures shown in Figs. 13 and 14 are used 
for a plurality of compound semiconductor infrared sensors 
for the mode of the invention, outputs of the individual 
unit devices can be added together, and the output can be 
drastically increased. In this case, the individual 
devices, other than electrodes 19, should be insulated. 
Thus, the substrate 15 must be a substrate that is 
semi-insulating, or one for which the thin compound 
semiconductor film portion and the substrate portion can 
be insulating, that permits the growth of a singlecrys tal 
for a thin compound semiconductor film. Further, when a 
material that transmits an infrared radiation is used for 
such a substrate, infrared light can enter from the reverse 
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face of the substrate. This case is more preferable, 
because the blocking of infrared light by the electrode 
does not occur, and the light-detecting area of the device 
can be more extensive. A preferable material for the 
substrate is semi-insulating Si or GaAs, etc. 
[0098] 

The individual compound semiconductor layers 
included in the infrared sensor according to the mode of 
the invention are formed by using various film deposition 
methods. For example, the molecular beam epitaxy (MBE) 
method and the metal organic vapor phase epitaxy (MOVPE) 
method are preferable methods. Therefore, using these 
methods, the individual compound semiconductor layers can 
be grown as requested. In addition, the processing 
methods for devices are not especially limited. For 
example, for the compound semiconductor layers deposited 
using the above growth methods, a step is formed using acid 
or ion milling to obtain a contact with the sixth compound 
semiconductor layer 16. Then, for the compound 
semiconductor layers for which a step has been formed, mesa 
etching is performed for device separation. Thereafter, 
the surfaces of the substrate 15 and the compound 
semiconductor layers obtained by device separation are 
covered with the passivation film 20 formed, for example, 
of SiN or Si0 2 , with only the electrode 19 portions opened 
as windows, and electrodes of Au/Ti, Au/Cr, etc., are 
formed using the lift off method. In this manner, the chip 
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for the compound semiconductor sensor is prepared. 
[0099] 

Furthermore, in order to increase the sensitivity, 
a method for applying a reverse bias to electrodes and 
fetching a signal as a current is a preferable measurement 
method for sensing an infrared radiation by using the 
infrared sensor, shown in Fig. 10 or 12 described above, 
made of the unit device shown in Fig. 10 or 12, and the 
infrared sensor shown in Figs. 13 and 14, wherein a 
plurality of unit devices are connected in series. 
[0100] 

On the other hand, a problem is that, using this 
measurement method, 1/f noise increases because of current 
flow. Since the frequency area required for the human 
sensor is about 10 Hz, according to the above described 
method, there is a problem when the compound semiconductor 
infrared sensor is used as. a human sensor. 
[0101] 

Thus, for the compound semiconductor infrared sensor 
described above, the present inventors adopted a 
photovoltaic measurement method to set a zero bias for 
electrodes, and to read a signal as an open circuit voltage. 
According to the photovoltaic measurement method, since 
a current does not flow through devices, only Johnson noise 
occurs. Therefore, the infrared sensor can be used at a 
low frequency. Further, according to this method, since 
heat generation by a device due to Joule heat does not occur, 
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the measurement error can be extremely small. In addition, 
while a signal obtained by a conventional photovoltaic 
measurement method is weak, an appropriately strong signal 
can be obtained by using the compound semiconductor 
infrared sensor according to the seventh mode of the 
invention . 
[0102] 

Further, when the compound semiconductor infrared 
sensor for the seventh mode of the invention is arranged, 
in the hybrid manner , in a single package with an integrated 
circuit that processes an electrical signal output by the 
sensor, an epoch-making, microminiature compound 
semiconductor infrared sensor IC, which is robust relative 
to noise and temperature fluctuation and is more sensitive 
at room temperature, can be obtained. 
[0103] 

The present invention will now be described in detail 
based on embodiments. However, the present invention is 
not limited to the following embodiments, and needless to 
say, the present invention can be variously modified 
without departing from the scope of the subject. 
[0104] 

(First Embodiment) 

Using the MBE method, non-doped InAso.23Sbo.77 of 2 |um 
was grown on a GaAs substrate. The film characteristics 
of a thin InAsSb film were measured using the van der Pauw 
method, and an electron mobility of 35,000 cm 2 /Vs at room 
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temperature, a sheet resistance (device resistance) of 20 
Q, and a carrier density of 1 x 10 17 atoms/cm 3 were obtained. 
A compound semiconductor sensor was then fabricated by 
using this thin compound semiconductor film. First, for 
device separation, mesa etching was performed for the 
compound semiconductor film deposited on the GaAs 
substrate, and then, the entire surface (the GaAs substrate 
and the compound semiconductor film deposited on the 
substrate) was covered with an SiN protective film. 
Following this, only the electrode portions on the 
deposited SiN protective film were opened as windows, Au/Ti 
was deposited using EB evaporation, and electrodes were 
formed using the lift off method. The light-receiving 
areas were designed to be 35 ^m x 115 pm. A cross section 
of a compound semiconductor sensor for a first embodiment 
is as shown in Fig. 7. 
[0105] 

An integrated circuit on which an amplification 
circuit, a chopping circuit, etc., were mounted was 
fabricated using a common CMOS process. Thereafter, the 
compound semiconductor sensor and the integrated circuit 
were mounted on the same substrate using die bonding, and 
were electrically connected using wire bonding. A package 
cover was attached to complete an infrared sensor IC for 
the first embodiment. 
[0106] 

The sensitivity at room temperature was measured 
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using a blackbody furnace at 500 K, at a light chopping 
frequency of 1 Hz and within a noise band width of 1 Hz, 
and D* = 1 x 10 7 cmHz 1/2 /W was obtained. In this case, D* 
denotes an indicator for a detectivity, and is represented 
as a value obtained by multiplying the reciprocal of an 
incident light intensity (W/Hz 1/2 ) required to obtain an 
S/N ratio of 1 by the 1/2 power of the light receiving area 
of a detection device. It was thereafter confirmed that 
a characteristic of the infrared sensor IC, according to 
the first embodiment, is that, in spite of being a simple 
package, it is not easily affected by electromagnetic noise 
and thermal fluctuation. 
[0107] 

(Second Embodiment) 

Using the MBE method, non-doped InSb of 1 |im and 
non-doped InAso.23Sbo.77 of 2 ^im were grown on a GaAs substrate 
in the named order. The film characteristics of a thin 
compound semiconductor layer were measured using the van 
der Pauw method, and an electron mobility of 51, 000 cm 2 /Vs 
at room temperature, a sheet resistance (device 
resistance) of 20 Q, and a carrier density of 9 x 10 16 
atoms/cm 3 were obtained. A compound semiconductor sensor 
was then fabricated by using this thin compound 
semiconductor film. First, for device separation, mesa 
etching was performed for the compound semiconductor film 
deposited on the GaAs substrate, and then, the entire 
surface (the GaAs substrate and the compound semiconductor 
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film deposited on the substrate) was covered with an SiN 
protective film. Following this, only the electrode 
portions on the deposited SiN protective film were opened 
as windows, Au/Ti was deposited using EB evaporation, and 
electrodes were formed using the lift off method. The 
light-receiving areas were designed to be 35 Jim x 115 j^m. 
[0108] 

An integrated circuit on which an amplification 
circuit, a chopping circuit, etc., were mounted was 
fabricated using a common CMOS line. Thereafter, the 
compound semiconductor sensor and the integrated circuit 
were mounted on the same substrate using die bonding, and 
were electrically connected using wire bonding . A package 
cover was attached to complete an infrared sensor IC for 
a second embodiment. 
[0109] 

The sensitivity at room temperature was measured 
using a blackbody furnace at 500 K, at a light chopping 
frequency of 1 Hz and within a noise band width of 1 Hz, 
and D* = 2 x 10 7 cmHz 1/2 /W was obtained. It was thereafter 
confirmed that a characteristic of the infrared sensor IC, 
according to the second embodiment, is that, in spite of 
being a simple package, it is not easily affected by 
electromagnetic noise and thermal fluctuation. 
[0110] 

(Third Embodiment) 

Using the MBE method, InAs of 5 nm and GaSb of 3 nm 
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were alternately grown on a GaAs substrate by fifty cycles, 
and a superlattice structure was obtained. The film 
characteristics of the superlattice structure according 
to a third embodiment were measured using the van der Pauw 
method, and an electron mobility of 8, 000 cm 2 /Vs at room 
temperature, a sheet resistance (device resistance) of 90 
Q, and a sheet carrier density of 2 . 6 x 10 13 atoms/cm 2 were 
obtained. A compound semiconductor sensor was then 
fabricated by using this thin compound semiconductor film. 
First, for device separation, mesa etching was performed 
for the compound semiconductor film deposited on the GaAs 
substrate, and then, the entire surface (the GaAs substrate 
and the compound semiconductor film deposited on the 
substrate) was covered with an SiN protective film. 
Following this, only the electrode portions on the 
deposited SiN protective film were opened as windows, Au/Ti 
was deposited using EB evaporation, and electrodes were 
formed using the lift off method. The light-receiving 
areas were designed to be 35 fun x 115 (irru 
[0111] 

An integrated circuit on which an amplification 
circuit, a chopping circuit, etc., were mounted was 
fabricated using a common CMOS line. Thereafter, as shown 
in Fig. 9, the integrated circuit was mounted on the 
substrate using die bonding, the compound semiconductor 
sensor was mounted on the same substrate using die bonding, 
and they were electrically connected using wire bonding. 



-59- 



A package cover was attached to complete an infrared sensor 

IC for the third embodiment. 

[0112] 

The sensitivity at room temperature was measured 
using a blackbody furnace at 500 K, at a light chopping 
frequency of 1 Hz and within a noise band width of 1 Hz, 
and D* = 1 x 10 8 cmHz 1/2 /W was obtained. It was thereafter 
confirmed that a characteristic of the infrared sensor IC, 
according to the third embodiment, is that, in spite of 
being a simple package, it is not easily affected by 
electromagnetic noise and thermal fluctuation. 
[0113] 

( Fourth Embodiment ) 

Using the MBE method, n-type doped InSb (n-type 
doping density = 3 x 10 18 atoms/cm 3 ) of 1 ^im, p-type doped 
InAso.23Sbo.77 (p-type doping density = 3.5 x 10 16 atoms/cm 3 ) 
of 2 \im and p-type doped InSb (p-type doping density = 3 
x 10 18 atoms/cm 3 ) of 0.5 jam were grown on an n-type GaAs 
substrate. A compound semiconductor sensor was 
fabricated by using this thin compound semiconductor film. 
First, for device separation, mesa etching was performed 
for the compound semiconductor film deposited on the n-type 
GaAs substrate, and then, the entire surface (the n-type 
GaAs substrate and the compound semiconductor film 
deposited on the substrate) was covered with an SiN 
passivation film. Following this, only the electrode 
portions on the deposited SiN passivation film were opened 
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as windows, Au/Ti was deposited using EB evaporation, and 
electrodes were formed using the lift off method. The 
light-receiving areas were designed to be 35 (urn x 115 pin. 
A cross section of a compound semiconductor sensor for a 
fourth embodiment is as shown in Fig. 8. 
[0114] 

An integrated circuit on which an amplification 
circuit, a chopping circuit, etc., were mounted was 
fabricated using a common CMOS line. Thereafter, the 
compound semiconductor sensor and the integrated circuit 
were mounted on the same substrate using die bonding, and 
were electrically connected using wire bonding . A package 
cover was attached to complete an infrared sensor IC for 
the fourth embodiment . 
[0115] 

The sensitivity at room temperature was measured 
using a blackbody furnace at 500 K, at a light chopping 
frequency of 1 Hz and within a noise band width of 1 Hz, 
and D* = 2 x 10 8 cmHz 1/2 /W was obtained. It was thereafter 
confirmed that a characteristic of the infrared sensor IC, 
according to the fourth embodiment, is that, in spite of 
being a simple package, it is not easily affected by 
electromagnetic noise and thermal fluctuation. 
[0116] 

(Fifth Embodiment) 

Using the MBE method, Alo.05Gao.5Sb of 150 nm was grown 
as a buffer layer on a GaAs substrate, and then non-doped 
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InSb of 0.5 nm and InAso.23Sbo.77 of 2 (am were grown. The 
film characteristics of a thin InAsSb film were measured 
using the van der Pauw method, and an electron mobility 
of 45,000 cm 2 /Vs at room temperature, a sheet resistance 
(device resistance) of 40 Q, and a carrier density of 5 
x 10 16 atoms/cm 3 were obtained. A compound semiconductor 
sensor was then fabricated by using this thin compound 
semiconductor film. First, for device separation, mesa 
etching was performed for the compound semiconductor film 
deposited on the GaAs substrate, and then, the entire 
surface (the GaAs substrate and the compound semiconductor 
film deposited on the substrate) was covered with an SiN 
protective film. Following this, only the electrode 
portions on the deposited SiN protective film were opened 
as windows, Au/Ti was deposited using EB evaporation, and 
electrodes were formed using the lift off method. The 
light-receiving areas were designed to be 35 ^im x 115 |im. 
[0117] 

An integrated circuit on which an amplification 
circuit, a chopping circuit, etc., were mounted was 
fabricated using a common CMOS line. Thereafter, the 
compound semiconductor sensor and the integrated circuit 
were mounted on the same substrate using die bonding, and 
were electrically connected using wire bonding . A package 
cover was attached to complete an infrared sensor IC for 
a fifth embodiment. 
[0118] 
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The sensitivity at room temperature was measured 
using a blackbody furnace at 500 K, at a light chopping 
frequency of 1 Hz and within a noise band width of 1 Hz, 
and D* = 3.5 x 10 7 cmHz 1/2 /W was obtained. It was thereafter 
confirmed that a characteristic of the infrared sensor IC, 
according to the fifth embodiment, is that, in spite of 
being a simple package, it is not easily affected by 
electromagnetic noise and thermal fluctuation: 
[0119] 

(Sixth Embodiment) 

Using the MBE method, non-doped InSb of 1 jam and p-type 
doped InAso.23Sbo.77 of 2 jum were grown on a GaAs substrate 
in the named order. The film characteristics of a thin 
InAsSb film was measured using the van der Pauw method, 
and an electron mobility of 41,000 cm 2 /Vs at room 
temperature, a sheet resistance (device resistance) of 150 
Q and a carrier density of 1 . 5 x 10 16 atoms/cm 3 were obtained. 
The purpose of p-type doping in the sixth embodiment is 
to provide compensation for the carriers of electrons in 
the InAsSb layer and the reduction in the carrier density. 
Compared with the second embodiment, the electron mobility 
was lowered; however, the carrier density of electrons 
could be reduced by p-type doping, and the sheet resistance 
was increased. Further, the same effects can be obtained 
by p-type doping of the non-doped InSb layer. 
[0120] 

By using this thin compound semiconductor film, a 
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compound semiconductor sensor was fabricated in the same 
manner as in the second embodiment. An integrated circuit 
was also manufactured in the same manner as in the second 
embodiment, and an infrared sensor IC for the sixth 
embodiment was completed. 
[0121] 

The sensitivity at room temperature was measured 
using a blackbody furnace at 500 K, at a light chopping 
frequency of 1 Hz and within a noise band width of 1 Hz, 
and D* = 1.2 x 10 8 cmHz 1 " 2 ^ was obtained. It was confirmed 
that a characteristic of the infrared sensor IC according 
to the sixth embodiment is that, in spite of being a simple 
package, it is not easily affected by electromagnetic noise 
and thermal fluctuation. 
[0122] 

(Seventh Embodiment) 

Using the MBE method, an InSb layer of 2.0 jam, wherein 
Zn was doped using 3.5 x 10 18 atoms/cm 3 , was grown on a 
semi-insulating GaAs monocrystal substrate, and an InSb 
layer of 0.5 [im, wherein Si was doped using 1.8 x 10 18 
atoms/cm 3 , was grown on the InSb layer. A compound 
semiconductor infrared sensor was then prepared using the 
thin compound semiconductor film. First, for the thin 
compound semiconductor film, a step was formed using acid 
or ion milling to obtain a contact with the p-type doped 
InSb layers. Then, mesa etching, for device separation, 
was performed for the thin compound semiconductor film for 
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which the step was formed. Thereafter, the entire surface 
(the GaAs substrate and the compound semiconductor film 
deposited on the substrate) was covered with an SiN 
passivation film. Following this, only the electrode 
portions of the SiN protective film were opened as windows, 
Au/Ti was deposited using EB evaporation, and electrodes 
were formed using the lift off method. The 
light-receiving area was designed to be 225 jxm x 150 jam. 
A cross section of a compound semiconductor infrared sensor 
according to a seventh embodiment is shown in Fig. 15. As 
is apparent from Fig. 15, the compound semiconductor 
infrared sensor for the seventh embodiment has the 
structure of a so-called PN junctional diode. In Fig. 15, 
reference numeral 23 denotes a semi-insulating GaAs 
monocrystal substrate; reference numeral 24, a p-type 
doped InSb layer; reference numeral 25, an n-type doped 
InSb layer; reference numeral 26, an SiN passivation film; 
and reference numeral 27, an Au/Ti electrode. 
[0123] 

The compound semiconductor infrared sensor was 
irradiated using an infrared radiation, and the open 
circuit voltage of the device was measured as an output 
voltage. It should be noted that the sensor temperature 
during the measurement was room temperature (27°C) . An 
incident infrared radiation was emitted by using a 
blackbody furnace at 500 K, which was located at a distance 
of 10 cm from the sensor. With this arrangement, an 
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infrared radiation was emitted, directed toward the 
substrate side of the sensor. The energy of the incident 
infrared radiation was 1 . 2 mW/cm 2 . The frequency for light 
chopping was 10 Hz, and Si was used as a filter for cutting 
light, such as visible light. 
[0124] 

The results obtained for the measurement of the 
output voltage are shown in Fig. 22. It was confirmed that 
the output voltage was 54 nV, and the detection of the 
infrared radiation was enabled at room temperature. 
[0125] 

(Eighth Embodiment) 

Using the MBE method, a first InSb layer of 1 . 0 jam, 
wherein Zn was doped using 3.5 x 10 18 atoms/cm 3 , was grown 
on a semi-insulating GaAs singlecrystal substrate, a 
second InSb layer of 1.0 (iim, wherein Zn was doped using 
6 x 10 16 atoms/cm 3 , was grown on the first InSb layer, and 
an third InSb layer of 0.5 |Lim, wherein Si was doped using 
1.8 x 10 18 atoms/cm 3 , was grown on the second InSb layer. 
A compound semiconductor infrared sensor was then prepared 
using the thin compound semiconductor film. First, for 
the thin compound semiconductor film, a step was formed 
using acid or ion milling to obtain a contact with the InSb 
layers that were p-type doped at high densities. Then, 
mesa etching, for device separation, was performed for the 
thin compound semiconductor film for which the step was 
formed. Thereafter, the entire surface (the GaAs 
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substrate and the compound semiconductor film deposited 
on the substrate) was covered with an SiN passivation film. 
Following this, only the electrode portions of the SiN 
protective film were opened as windows, Au/Ti was deposited 
using EB evaporation, and electrodes were formed using the 
lift off method. The light-receiving area was designed 
to be 225 \xm x 150 )Ltm. A cross section of a compound 
semiconductor infrared sensor according to an eighth 
embodiment is shown in Fig. 16. As is apparent from Fig. 
16, the compound semiconductor infrared sensor for the 
eighth embodiment has the structure of a so-called PIN 
junctional diode. In Fig. 16, reference numeral 28 
denotes an InSb layer that is p-type doped at a high 
density; reference numeral 29, an InSb layer that is p-type 
doped at a low density; and reference numeral 30, an n-type 
doped InSb layer. 
[0126] 

The compound semiconductor infrared sensor was 
irradiated using an infrared radiation, and the open 
circuit voltage of the device was measured as an output 
voltage. It should be noted that the sensor temperature 
during the measurement was room temperature (27°C) . An 
incident infrared radiation was emitted by using a 
blackbody furnace at 500 K, which was located at a distance 
of 10 cm from the sensor. With this arrangement, an 
infrared radiation was emitted, directed toward the 
substrate side of the sensor. The energy of the incident 
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inf rared radiation was 1 . 2 mW/cm 2 . The frequency for light 
chopping was 10 Hz, and Si was used as a filter for cutting 
light, such as visible light. 
[0127] 

The results obtained for the measurement of the 
output voltage are shown in Fig. 22, as well as for the 
seventh embodiment. It was confirmed that the output 
voltage was 117 nV, which was increased, compared with the 
case of the PN junction. 
[0128] 

(Ninth Embodiment) 

Using the MBE method, a first InSb layer of 1.0 |um, 
wherein Sn was doped using 1.0 x 10 19 atoms/cm 3 , was grown 
on a semi-insulating GaAs monocrystal substrate, a second 
InSb layer of 1.0 ^im, wherein Zn was doped using 6 x 10 16 
atoms/cm 3 , was grown on the first InSb layer, and a third 
InSb layer of 0.5 jxin, wherein Zn was doped using 7.0 x 10 18 
atoms/cm 3 , was grown on the second InSb layer. A compound 
semiconductor infrared sensor was then prepared using the 
thin compound semiconductor film. First, for the thin 
compound semiconductor film, a step was formed using acid 
or ion milling to obtain a contact with the InSb layers 
that were n-type doped at high densities. Then, mesa 
etching, for device separation, was performed for the thin 
compound semiconductor film for which the step was formed. 
Thereafter, the entire surface (the GaAs substrate and the 
compound semiconductor film deposited on the substrate) 
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was covered with an SiN passivation film. Following this, 
only the electrode portions of the SiN protective film were 
opened as windows, Au/Ti was deposited using EB evaporation, 
and electrodes were formed using the lift off method. The 
light-receiving area was designed to be 225 ^im x 150 |um. 
A cross section of a compound semiconductor infrared sensor 
according to a ninth embodiment is shown in Fig. 17. As 
is apparent from Fig. 17, the compound semiconductor 
infrared sensor for the ninth embodiment has the structure 
wherein the p-type doped layer 28 and the n-type doped layer 
30 are exchanged in the structure of the eighth embodiment. 
[0129] 

The compound semiconductor infrared sensor was 
irradiated using an infrared radiation, and the open 
circuit voltage of the device was measured as an output 
voltage. It should be noted that the sensor temperature 
during the measurement was room temperature (27°C) . An 
incident infrared radiation was emitted by using a 
blackbody furnace at 500 K, which was located at a distance 
of 10 cm from the sensor. With this arrangement, an 
infrared radiation was emitted, directed toward the 
substrate side of the sensor. The energy of the incident 
infrared radiation was 1.2 mW/cm 2 . The frequency for light 
chopping was 10 Hz, and Si was used as a filter for cutting 
light, such as visible light. 
[0130] 

■ The measurement results for the output voltage are 
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also shown in Fig. 22. The output voltage was 155 nV, and 
it was confirmed that the output voltage was increased more 
than in the eighth embodiment. This is because Sn is used 
as an n-type dopant. That is, since relative to InSb, Sn 
has a higher activation ratio than Si, n-type doping at 
a higher density is enabled, and a greater PN junctional 
built-in potential is obtained. The output voltage V out 
is a voltage required for the supply of a diffusion current 
across the potential barrier of a built-in potential V d . 
Thus, since the built-in potential is great, accordingly, 
the output voltage is increased. Therefore, the effect 
of the increase in output could be confirmed when Sn was 
used as the n-type dopant in the ninth embodiment. 
[0131] 

(Tenth Embodiment) 

A compound semiconductor sensor wherein a plurality 
of devices are connected in series was formed by using a 
thin compound semiconductor film having the same structure 
as in the eighth embodiment. First, for the thin compound 
semiconductor film deposited in the same manner as in the 
eighth embodiment, a step was formed using acid or ion 
milling to obtain a contact with an InSb layer that was 
p-type doped at a high density. Then, for the thin compound 
semiconductor film wherein the step was formed, mesa 
etching was performed for device separation. Thereafter, 
the entire surface (the GaAs substrate and the compound 
semiconductor film formed on the substrate) was covered 



- 70- 



with an SiN passivation film. Following this, only the 
electrode portions of the SiN protective film were opened 
as windows, Au/Ti was deposited using EB evaporation, and 
electrodes were formed using the lift off method. At this 
time, electrodes were formed so that the InSb layer of a 
specific device, whereat Zn was doped using 3.5 x 10 18 
atoms/cm 3 , was electrically connected to the InSb layer 
of a device adjacent to the specific device and located 
on the side whereat the step was formed, whereat Si was 
doped using 1.8 x 10 18 atoms/cm 3 . The light-receiving area 
of a prepared unit device was 18 jam x 18 |Lim, and a series 
connection of 125 unit devices was formed on the GaAs 
substrate. A cross section of a part of the thus obtained 
sensor is shown in Fig. 18. 
[0132] 

The compound semiconductor infrared sensor was 
irradiated using an infrared radiation, and the open 
circuit voltage of the device was measured as an output 
voltage. It should be noted that the sensor temperature 
during the measurement was room temperature (27°C) . An 
incident infrared radiation was emitted by using a 
blackbody furnace at 500 K, which was located at a distance 
of 10 cm from the sensor. With this arrangement, an 
infrared radiation was emitted, directed toward the 
substrate side of the sensor. The energy of the incident 
infrared radiation was 1 . 2 mW/cm 2 . The frequency for light 
chopping was 10 Hz, and Si was used as a filter for cutting 
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light, such as visible light. 
[0133] 

For the 125 connected devices, an output voltage of 
12.5 jjV was obtained. That is, it was confirmed that by 
using the compound semiconductor film structure and the 
measurement method for measuring an open circuit voltage 
according to the present invention, the output could be 
increased by increasing the number of connected devices. 
This is an extremely large advantage for a guantum infrared 
sensor when operated at room temperature, for which a 
signal obtained from a unit device is weak. 
[0134] 

Furthermore, the 125 connected sensors were 
connected to a signal amplifier, and using a fast Farrier 
transform (FET) analyzer, generated noise was measured in 
a darkroom at room temperature (27°C) . When the noise 
generated by the signal amplifier was removed and the only 
noise was that produced by the sensor, it was . confirmed 
that 1/f noise was not found, even at a frequency of 10 
Hz or lower. In addition, when the resistance of the 
infrared sensor was measured using a tester, a value of 
12.75 kQ was obtained . And when this value was substituted 
into expression 4 to calculate the Johnson noise, it was 
found that the result matched the sensor noise that had 
been measured. 
[0135] 

That is, the characteristics of the present invention 
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were confirmed, i.e., the noise of the sensor is only the 
Johnson noise as determined by the resistance, and a sensor 
generates only an extremely small amount of noise, in a 
low frequency area of 10 Hz or less. 
[0136] 

(Eleventh Embodiment) 

A compound semiconductor sensor wherein a plurality 
of devices are connected in series was formed by using a 
thin compound semiconductor film having the same structure 
as in the ninth embodiment, and using the same mask set 
as used in the tenth embodiment. First, for the thin 
compound semiconductor film deposited in the same manner 
as in the ninth embodiment, a step was formed using acid 
or ion milling to obtain a contact with an InSb layer that 
was n-type doped at a high density. Then, for the thin 
compound semiconductor film wherein the step was formed, 
mesa etching was performed for device separation. 
Thereafter, the entire surface (the GaAs substrate and the 
compound semiconductor film formed on the substrate) was 
covered with an SiN passivation film. Following this, 
only the electrode portions of the SiN protective film were 
opened as windows, Au/Ti was deposited using EB evaporation, 
and electrodes were formed using the lift off method. At 
this time, electrodes were formed so that the InSb layer 
of a specific device, whereat Sn was doped using 1.0 x 10 19 
atoms/cm 3 , was electrically connected to the InSb layer 
of a device adjacent to the specific device and located 
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on the side whereat the step was formed, whereat Zn was 
doped using 7.0x 10 18 atoms/cm 3 . The light-receiving area 
of a prepared unit device was 18 x 18 jwn, and a series 
connection of 125 unit devices was formed on the GaAs 
substrate. A cross section of a part of the thus obtained 
sensor is shown in Fig. 19. 
[0137] 

The compound semiconductor infrared sensor was 
irradiated using an infrared radiation, and the open 
circuit voltage of the device was measured as an output 
voltage. The obtained result was 22.5 jiV, and compared 
with the output voltage obtained by using the same number 
of connected devices in the tenth embodiment, about 1.8 
times of output was obtained. It should be noted that the 
sensor temperature during the measurement was room 
temperature (27°C) . An incident infrared radiation was 
emitted by using a blackbody furnace at 500 K, which was 
located at a distance of 10 cm from the sensor. With this 
arrangement, an infrared radiation was emitted, directed 
toward the substrate side of the sensor. The energy of 
the incident infrared radiation was 1.2 mW/cm 2 . The 
frequency for light chopping was 10 Hz, and Si was used 
as a filter for cutting light, such as visible light. 
[0138] 

In addition, when the device resistance of the 
compound semiconductor infrared sensor was measured using 
a tester, 9.6 kQ was obtained. That is, it was confirmed 
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that the resistance was lower than the resistance in the 
tenth embodiment, obtained using the same number of 
connected units. This is because the n-type doped layer, 
which had low resistivity, was at the lowermost location 
to reduce the resistance in the device. It was thus 
confirmed that, as a result, the noise of the sensor could 
be reduced to about 0.87 times the noise of the sensor in 
the tenth embodiment. 
[0139] 

(Twelfth Embodiment) 

Using the MBE method, a first InSb layer of 1.0 pm, 
wherein Zn was doped using 5 x 10 18 atoms/cm 3 , was grown 
on a semi-insulating GaAs monocrystal substrate, an 
Al0.2In0.sSb layer of 0.02 Jim, wherein Zn was doped using 
5 x 10 18 atoms/cm 3 , was grown on the first InSb layer, a 
second InSb layer of 1.0 jam, wherein Zn was doped using 

16 3 

1 x 10 atoms/cm , was grown on the Alo. 2 In 0 .8Sb layer, and 
then third InSb layer of 0.5 jum, wherein Sn was doped using 
1.0 x 10 19 atoms/cm 3 , was grown on the second InSb layer. 
A compound semiconductor infrared sensor was then prepared 
using the thin compound semiconductor film. First, for 
the thin compound semiconductor film, a step was formed 
using acid or ion milling to obtain a contact with the 
p-type doped InSb layers. Then, mesa etching, for device 
separation, was performed for the thin compound 
semiconductor film for which the step was formed. 
Thereafter, the entire surface (the GaAs substrate and the 
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compound semiconductor film deposited on the substrate) 
was covered with an SiN passivation film. Following this, 
only the electrode portions of the SiN protective film were 
opened as windows, Au/Ti was deposited using EB evaporation, 
and electrodes were formed using the lift off method. The 
light-receiving area was designed to be 225 x 150 pm. 
A cross section of a compound semiconductor infrared sensor 
according to a twelfth embodiment is shown in Fig. 20. In 
Fig. 20, reference numeral 31 denotes an Al 0 . 2 In 0 .8Sb layer 
that is p-type doped at a high density. 
[0140] 

The compound semiconductor infrared sensor was 
irradiated using an infrared radiation, and the open 
circuit voltage of the device was measured as an output 
voltage. It should be noted that the sensor temperature 
during the measurement was room temperature (27°C) . An 
incident infrared radiation was emitted by using a 
blackbody furnace at 500 K, which was located at a distance 
of 10 cm from the sensor. With this arrangement, an 
infrared radiation was emitted, directed toward the 
substrate side of the sensor. The energy of the incident 
infrared radiation was 1 . 2 mW/cm 2 . The frequency for light 
chopping was 10 Hz, and Si was used as a filter for cutting 
light, such as visible light. 
[0141] 

The output voltage obtained using the above described 
arrangement was 242 nV. The measurement results are shown 
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in Fig. 22, as well as in the other embodiments. It was 
confirmed that, when compared with the ninth embodiment 
for the PIN diode structure, the output was about 1 . 6 times 
as large. 
[0142] 

Furthermore, the resistance of the device was 
measured for a case for which there was an application of 
a positive bias of 0.01 V and a case for which there was 
an application of a negative bias of 0.01 V, and the average 
value obtained for the measurements were measured as a 
device resistance R 0 of a zero bias. Further, the same 
measurement for the R 0 was performed for the infrared sensor 
for the ninth embodiment. Based on the obtained R 0 , a 
saturation current I s was calculated using expression 7 . 
[0143] 

[Expression 7 ] 



kT 



[0144] 

In expression 7, k denotes a Boltzmann constant, T 
denotes an absolute temperature and q denotes an elementary 
electric charge. The relationship represented by 
expression 8 is established between the saturation current 
I s , and the diffusion current I d and the output voltage V out . 
[0145] 

[Expression 8] 
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[0146] 

Therefore, the saturation current I s represents the 
magnitude of the diffusion current of the device. 
[0147] 

The results I s obtained for the twelfth embodiment 
and the ninth embodiment are shown in Fig. 23. As shown 
in Fig. 23, it could be confirmed that, compared with a 
device having a PIN diode structure that does not employ 
an AllnSb barrier layer, the saturation current I s for an 
infrared sensor wherein an AllnSb barrier layer was formed 
was reduced by one digit. 
[0148] 

That is, the characteristic that a diffusion current 
is suppressed by the AllnSb barrier layer could be 
confirmed. Through the application of this effect, the 
output was increased. 
[0149] 

(Thirteenth Embodiment) 

Using the MBE method, a first InSb layer of 1.0 |am, 
wherein Sn was doped using 1.0 x 10 19 atoms/cm 3 , was grown 
on a semi-insulating GaAs monocrystal substrate, a second 
InSb layer of 1 . 0 Jim, wherein Zn was doped using 1 x 10 16 
atoms/cm 3 , was grown on the first InSb layer, an Al 0 . 2 In 0 .8Sb 
layer of 0.02 jam, wherein Zn was doped using 5 x 10 18 
atoms/cm 3 , was grown on the second InSb layer, and a third 
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InSb layer of 0.5 |im, wherein Zn was doped using 5 x 10 
atoms/cm 3 , was grown the Al 0 .2ln 0 .8Sb layer. A compound 
semiconductor infrared sensor was then prepared using the 
thin compound semiconductor film. First, for the thin 
compound semiconductor film, a step was formed using acid 
or ion milling to obtain a contact with the n-type doped 
InSb layers. Then, mesa etching, for device separation, 
was performed for the thin compound semiconductor film for 
which the step was formed. Thereafter, the entire surface 
(the GaAs substrate and the compound semiconductor film 
deposited on the substrate) was covered with an SiN 
passivation film. Following this, only the electrode 
portions of the SiN protective film were opened as windows, 
Au/Ti was deposited using EB evaporation, and electrodes 
were formed using the lift off method. The 
light-receiving area was designed to be 225 jam x 150 jam. 
A cross section of a compound semiconductor infrared sensor 
according to a thirteenth embodiment is shown in Fig. 21. 
[0150] 

The compound semiconductor infrared sensor was 
irradiated using an infrared radiation, and the open 
circuit voltage of the device was measured as an output 
voltage. It should be noted that the sensor temperature 
during the measurement was room temperature (27°C) . An 
incident infrared radiation was emitted by using a 
blackbody furnace at 500 K, which was located at a distance 
of 10 cm from the sensor. With this arrangement, an 
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infrared radiation was emitted, directed toward the 
substrate side of the sensor. The energy of the incident 
infrared radiation was 1 . 2 mW/cm 2 . The frequency for light 
chopping was 10 Hz, and Si was used as a filter for cutting 
light, such as visible light. 
[0151] 

The output voltage obtained using the above described 
arrangement was 7 65 nV. The measurement results are shown 
in Fig. 22, as well as in the other embodiments. It was 
confirmed that, when compared with the twelfth embodiment, 
the output was sharply increased, about 3.2 times as large. 
[0152] 

Further, the zero bias resistance of the device was 
measured for a case wherein there was an application of 
a positive bias of 0.01 V and a case wherein there was an 
application of a negative bias of 0.01 V. The average value 
obtained for the measurement results was measured as a 
device resistance R 0 of a zero bias, and a saturation 
current I s was calculated in the same manner as in the 
twelfth embodiment. The obtained results are shown in Fig. 
23, as well as in the twelfth embodiment and the ninth 
embodiment. As shown in Fig. 23, in the thirteenth 
embodiment, as well as in the twelfth embodiment, it could 
be confirmed that, compared with a device having a PIN diode 
structure that does not use an AllnSb barrier layer, the 
saturation current I s for the infrared sensor wherein an 
AllnSb barrier layer was formed was reduced by one digit. 
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That is, as in the twelfth embodiment, it could be confirmed 
that the diffusion current was suppressed by the AllnSb 
barrier layer. 



Further, according to the measurement method of the 
invention for measuring an open circuit voltage, since a 
photo current I ph and the diffusion current I d were equal, 
the photo current I ph generated inside the device could be 
calculated by employing the saturation current I s and the 
output V out , and in accordance with the relationship 
represented by expression 9. 



By using expression 9, the photo currents for the 
ninth embodiment, the twelfth embodiment and the 
thirteenth embodiment were obtained. The results are 
shown in Fig. 24. As shown in Fig. 24, it was confirmed 
that compared with the device having the PIN diode 
structure in the ninth embodiment, the photo current I ph 
in the twelfth embodiment was reduced by about half. This 
was because, since the p-type doped InSb layer, which is 
a light absorption layer, was formed on the AllnSb layer 
by hetero growth, the crystallini ty of the light absorption 
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[0154] 



[Expression 9] 




[0155] 
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layer was reduced, and the quantum efficiency dropped. 
[0156] 

It was confirmed, on the other hand, that compared 
with the device of the ninth embodiment, which has a PIN 
diode structure, the photo current I ph of the thirteenth 
embodiment was increased about 1.8 times. This was 
because, of the pairs of electrons and positive holes 
generated by infrared absorption, the electrons to be 
diffused toward the p layer were reduced and the photo 
current was increased. That is, the effects obtained by 
increasing the external quantum efficiency could be 
confirmed. In other words, it can be said that the 
structure according to the thirteenth embodiment is a more 
preferable structure for the unit device of a compound 
semiconductor infrared sensor. 
[0157] 

( Fourteenth Embodiment ) 

Using the MBE method, a first InSb layer of 1.0 jam, 
wherein Sn was doped using 1.0 x 10 19 atoms/cm 3 , was grown 
on a semi-insulating GaAs monocrystal substrate, a second 
InSb layer of 1.0 jxm, wherein Zn was doped using 1 x 10 16 
atoms/cm 3 , was grown on the first InSb layer, an Al 0 . 2 In 0 .8Sb 
layer of 0.02 jam, wherein Zn was doped using 5 x 10 18 
atoms/cm 3 , was grown on the second InSb layer, and a third 
InSb layer of 0.5 (am, wherein Zn was doped using 5 x 10 18 
atoms/cm 3 , was grown the Al 0 . 2 In 0 .8Sb layer . A compound 
semiconductor infrared sensor wherein a plurality of 
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devices were connected in series was prepared using the 
thin compound semiconductor film having the same structure 
as in the thirteenth embodiment. First, for the thin 
compound semiconductor film, a step was formed using acid 
or ion milling to obtain a contact with the n-type doped 
InSb layers. Then, mesa etching, for device separation, 
was performed for the thin compound semiconductor film for 
which the step was formed. Thereafter, the entire surface 
(the GaAs substrate and the compound semiconductor film 
deposited on the substrate) was covered with an SiN 
passivation film. Following this, only the electrode 
portions of the SiN protective film were opened as windows, 
Au/Ti was deposited using EB evaporation, and electrodes 
were formed using the lift off method. At this time, 
electrodes were formed so that the InSb layer of a specific 
device, whereat Sn was doped using 1.0 x 10 19 atoms/cm 3 , 
was electrically connected to the InSb layer of a device 
adjacent to the specific device and located on the side 
whereat the step was formed, whereat Zn was doped using 
5.0 x 10 18 atoms/cm 3 . The light-receiving area of a 
prepared unit device was 9 jam x 9 |j.m, and a series connection 
of 260 unit devices was formed on the GaAs substrate. A 
cross section of a part of the thus obtained sensor is shown 
in Fig. 25. 
[0158] 

The compound semiconductor infrared sensor was 
irradiated using an infrared radiation, and the open 
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circuit voltage of the device was measured as an output 
voltage. It should be noted that the sensor temperature 
during the measurement was room temperature (27°C) . An 
incident infrared radiation was emitted by using a 
blackbody furnace at 500 K, which was located at a distance 
of 10 cm from the sensor. With this arrangement, an 
infrared radiation was emitted, directed toward the 
substrate side of the sensor. The energy of the incident 
infrared radiation was 1 . 2 mW/cm 2 . The frequency for light 
chopping was 10 Hz, and Si was used as a filter for cutting 
light, such as visible light. 
[0159] 

The obtained output V out was 91 jiV, and it was confirmed 
that an output voltage near 100 jiV was obtained at room 
temperature. The output was remarkably increased 
compared with when only the unit device was used. These 
results show an appropriate output for signal processing 
using an IC. And a microminiature infrared sensor that 
can be operated at a higher sensitivity, at room 
temperature, without a cooling mechanism can be provided 
by combining the compound infrared semiconductor and the 
infrared sensor IC with the hybrid formation. 
[0160] 

(Fifteenth Embodiment) 

A compound semiconductor infrared sensor with the 
same structure as in the fourteenth embodiment, and an 
integrated circuit, wherein an amplification circuit and 
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a chopping circuit, etc., are mounted are arranged in a 
single package, in a hybrid manner, to obtain an infrared 
sensor IC. 
[0161] 

The integrated circuit (IC), wherein the 
amplification circuit, the chopping circuit, etc., are 
mounted was manufactured using a common CMOS line. 
Thereafter, using flip-chip bonding, a compound 
semiconductor infrared sensor according to the fourteenth 
embodiment was bonded to the IC, i.e., the substrate of 
the integrated circuit with the substrate of the sensor 
facing up, so that the electrode portions of the thin 
compound semiconductor film of the sensor joined the 
electrode portions of the IC. Further, the electrode 
portions (lands) in the package were electrically 
connected to the integrated circuit using wire bonding. 
In addition, an Si filter was attached to the infrared entry 
portion of the package, so that an infrared sensor IC for 
a fifteenth embodiment was completed. A cross section 
thereof is shown in Fig. 26. In Fig. 26, reference numeral 
32 denotes a compound semiconductor infrared sensor; 
reference numeral 33, an integrated circuit; reference 
numeral 34, wire bonding; reference numeral 35, a package; 
reference numeral 36, an Si filter; reference numeral 37,. 
bumps; reference numeral 38, lands; and reference numeral 
39, package electrodes. 
[0162] 
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The complete infrared sensor IC is a microminiature 
infrared sensor IC having an area size of 3 mm x 3 mm and 
a thickness of 1.2 mm, which is not conventionally produced . 
Furthermore, according to this structure, an infrared 
radiation passes through the Si filter 36 and enters from 
the substrate side of the compound semiconductor sensor 
32. Since a semi-insulating GaAs substrate is used, an 
infrared radiation having a wavelength of 5 (am or longer 
is appropriately transmitted through the substrate, and 
is absorbed by the thin compound semiconductor layer. 
Thus, the incident infrared radiation can be efficiently 
fetched as a signal, without being interrupted by the 
electrodes and the wiring portion of the compound 
semiconductor infrared sensor 32. 
[0163] 

Moreover, it was confirmed that a characteristic of 
the infrared sensor IC of the fifteenth embodiment is that, 
in spite of its being a simple package, it is not easily 
affected by electromagnetic noise and thermal fluctuation. 
[0164] 

As described above, the infrared sensor IC according 
to the mode of the invention can be appropriately used as 
a human sensor that detects thermal energy radiated by a 
person. A characteristic of the infrared sensor IC, which 
is a microminiature about the size of an IC chip, is that 
it is not easily affected by electromagnetic noise and 
thermal fluctuation, and enables automatic turning on/off 
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of lights and home electrical appliances. Thus, great 
effects in the saving of energy can be expected. 



